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Preface 



The series of the “Seeheim Workshops on Mossbauer Spectroscopy” was continued 
with the 5th Meeting which was held on May 21-25, 2002, once again in the very 
attractive Training Center of Deutsche Lufthansa in Seeheim, Germany. More than 
120 scientists from some 22 countries attended the meeting. 

The participants were treated to five invited lectures of one hour’s duration on 
topics ranging from a very timely presentation on advances in nuclear resonant 
inelastic X-ray scattering to molecular magnetism through geoscientific studies 
aided by Mossbauer spectroscopy. 

There were 26 invited talks of which a representative set of authors were invited 
to submit a printed version and these are reproduced here together with some 8 
papers from those authors who had originally submitted them for oral presentation. 

From the outset, the poster sessions at Seeheim have been lively sessions during 
which the subject matter gets mulled over and discussed warmly. 

We wish to express our sincere thanks for financial support from: 

Deutsche Forschungsgemeinschaft 

European Science Foundation (Program “Molecular Magnets”) 
Johannes-Gutenberg-Universitat Mainz 
Freunde der Universitat Mainz e.V 
Karl-Guckinger-Stiftung der Universitat Mainz 
Materialwissenschaftliches Forschungszentrum der Universitat Mainz 
Ministerium fur Wissenschaft, Weiterbildung, Forschung und Kultur des Lan- 
des Rheinland-Pfalz 

and 



BHF-Bank Frankfurt 

Max-Planck-lnstitut fur Chemische Physik fester Stoffe, Dresden 

Schott Glas, Mainz 

Stadt-und Kreissparkasse Darmstadt 

SusTech GmbH & Co. KG, Darmstadt 

We are also grateful to Deutsche Lufthansa for accommodating us again in their 
very pleasant Training Center in Seeheim. We particularly appreciate the friendly 
cooperation of the staff there. 
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I sign, with some nostalgia, on behalf of the scientific committee, the local or- 
ganizers, and my fellow co-editors Brian Fitzsimmons, Rudolf Riiffer and Hartmut 
Spiering. 



PHILIPP GUTLICH 
Guest Editor 
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Vibrational Dynamics Studies by Nuclear Resonant 
Inelastic X-Ray Scattering 

E. E. ALP‘, W. STURHAHN\ T. S. T0ELLNER\ J. ZHA0\ M. HU^ and 
D. E. BROWN^ 

^Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA 
^HP-CAT and Carnegie Institute of Washington, Advanced Photon Source, Argonne, 

Illinois 60439, USA 

^Department of Physics, Northern Illinois University, De Kalb, Illinois 60115, USA 

Abstract. Nuclear resonant inelastic X-ray scattering of synchrotron radiation is being applied to 
ever widening areas ranging from geophysics to biophysics and materials science. Since its first 
demonstration in 1995 using the ^^Fe resonance, the technique has now been applied to materials 
containing ^^Kr, '^^Eu, "^Sn, and ^^*Dy isotopes. The energy resolution has been reduced to 
under a millielectronvolt. This, in turn, has enabled new types of measurements like Debye velocity 
of sound, as well as the study of origins of non-Debye behavior in presence of other low-energy 
excitations. The effect of atomic disorder on phonon density of states has been studied in detail. 
The flux increase due to the improved X-ray sources, crystal monochromators, and time-resolved 
detectors has been exploited for reducing sample sizes to nano-gram levels, or using samples with 
dilute resonant nuclei like myoglobin, or even monolayers. Incorporation of micro-focusing optics to 
the existing experimental setup enables experiments under high pressure using diamond-anvil cells. 
In this article, we will review these developments. 

Key words: synchrotron radiation, inelastic X-ray scattering, nuclear resonant scattering, speed-of- 
sound, Debye sound velocity. 



1. Introduction 

The application areas of nuclear resonant inelastic X-ray scattering (NRIXS) of 
synchrotron radiation are widening. Since the first experiments in 1995 [1-3] us- 
ing ^^Ee resonance, the inelastic scattering technique is now applied to ^^Kr [4], 
'^'Eu [5], "^Sn [6, 7], and '^'Dy [8, 9] isotopes. It can be further applied to other 
isotopes like ^^'Sb, and ^'Ni, provided that issues regarding the 

background coming from natural radioactivity are addressed for the first two and 
regarding the high resolution optics working above 30 keV for the last two iso- 
topes. Special and unique applications like samples under high pressure exceeding 
100 GPa [10] and the potential to reach high temperatures simultaneously are of 
interest from geological point of view. Isotopically decorated thin multilayers, in 
which the resonant isotope is selectively deposited to a well-defined location helps 
differentiate interfaces in thin films and multilayers. Vibrational studies performed 
on oriented single crystals or textured samples allow unambiguous mode specific 
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vibrational analysis [11-14]. The study of samples with dilute nuclear resonant 
nuclei as an impurity [15] provide a new avenue about learning the dynamical 
behavior of hosts that are not necessarily made up of a suitable Mbssbauer isotope. 
Among applications that are more recent, one can point to the study of vibrational 
characteristics of myoglobin [16, 17] and model compounds such as porphyrins. 
These studies lead the way to explore the role of ligands attached to the active sites 
of metalloproteins. 

While these developments may indicate a level of maturity, there still exists 
confusion regarding the name of the technique, and whether it is an X-ray scat- 
tering or Mdssbauer spectroscopy method. The NRIXS, as the name implies, is 
an X-ray scattering technique measuring energy loss or gain during scattering 
processes when X-rays are scattered inelastically, i.e., when an exchange of energy 
and momentum takes place. However, there are difficulties associated with mea- 
suring small energy changes that require a resolution at the level of 10^, and hence, 
special nuclei with a few nano-seconds or longer lifetime are used as built-in ana- 
lyzers. These nuclei with stable ground state, and low lying excited energy states 
are more prominently known as Mbssbauer nuclei. Thus, NRIXS may be consid- 
ered as an X-ray scattering technique, developed by Mbssbauer spectroscopists. 
Mbssbauer effect is commonly defined as “recoilless absorption and emission of 
gamma rays”. While fhe zero-phonon exchange nafure of fhe Mbssbauer effecl 
received worldwide recognition, fhere were early proposals [18-20], as well as 
experimenfs wifh partial success using Te fo measure complefe vibrational exci- 
fafion specfrum [21]. These ideas of using phonon-exchange fo excife or deled a 
Mbssbauer Iransilion have stimulated fhe research in Ihis area, culminating wifh 
fhe praclical demonslralion of fhe technique using synchroiron radialion [1-3]. 



2. The method of NRIXS 

A lypical experimenlal selup, as shown in Figure 1, is more or less universally 
used al various synchroiron radiation sources around Ihe world. An intense X-ray 
source, e.g., a magnetic insertion device (undulalor) placed on a low eleclron emil- 
lance storage ring produces X-rays wilh low angular divergence, typically 10 (ver- 
tical) and 20 (horizonlal) /xrad, covering a large energy speclrum [22]. The energy 
speclrum is wide enough to cover many Mbssbauer nuclei as listed in Table I. The 
isotopes shown here are chosen such lhal Ihere is a realistic chance of observ- 
ing Ihe nuclear resonance given Ihe energy range of currenl synchroiron radiation 
sources, and Ihe time resolution of Ihe existing detectors. Some measured Iransilion 
energies are differenl than the tabulated values found in the literature [23]. A de- 
liberate effort to measure the nuclear transition energies with highest accuracy to 
date indicates the potential to use the Mbssbauer transition energies as a standard 
length scale at interatomic distances [24, 25]. After reducing the bandpass to a few 
electron volts with a double-crystal (cryogenically cooled silicon or water-cooled 
diamond) monochromator, the energy width is further reduced to the meV level by 
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Figure 1. The schematic layout of the NRIXS experiment at 3-ID beamline of the Advanced Photon 
Source (APS) is shown. It consists of an undulator source (2.7 cm period, 4.5 m long), a primary 
monochromator (diamond) to reduce the energy bandwidth from a few hundred keV to a few eV, 
and a secondary tunable monochromator with a bandpass of meV (different for each isotope, see 
Table II). A nanosecond time-resolved detector is used to differentiate nuclear decay and/or nuclear 
decay induced electronic fluorescence from other elastic or inelastic scattering processes. There can 
be additional focusing components to facilitate small samples of a few microns in size, as well as 
different sample environments. The total length of the setup can vary between 30-70 m. 

high-resolution monochromators [26]. A short list of present day monochromators 
used at the 3-ID beamline of the Advanced Photon Source (APS) is given in Table II. 
In addition to efficient reduction in energy bandpass, reducing the size of the X-ray 
beam in both directions to micrometers level is possible by using focusing optical 
elements like a pair of bent-grazing incidence total reflection mirrors, commonly 
known as Kirkpatrick-Baez [27] geometry, and with lesser efficiency by a Fresnel 
zone-plafe [28], or a compound refractive lens [29]. The radiation is fhen incidenf on 
a sample, and scattered incoherenf radiafion is collecfed by a sef of fasf defecfors, 
over as large a solid angle as possible. Clearly, fhis sefup has very liffle fo do wifh a 
convenfional Mdssbauer specfromefer, which consisfs of a radioacfive source 
mounfed on an elecfromagnefic Doppler shiffer, a sample, and a defecfor. Of course, 
numerous versions of bofh experimenfal sefups are used fhaf employ differenf fypes 
of defection schemes, like conversion elecfron and fime-resolved X-ray defecfors. 
However, fhere is an essential difference in fhaf, fhe scale and fhe fypes of insfru- 
menfs have a lof more in common wifh X-ray scattering fhan Mdssbauer specfros- 
copy. While fhis difference, forfunafely, did nof stop fhe early pioneers [30, 31] from 
frying and evenfually succeeding [32] fo observe fhe nuclear resonance af a syn- 
chrofron, many found fhe fechnique too elaborafe and difficulf, particularly in ferms 
of geffing access fo a facilify fo carry ouf sysfemafic research. However, fhis sifu- 
afion has changed for fhe beffer now, affer fhe availabilify of dedicafed beamlines, 
such as 3-ID af fhe APS [33] and fully or parfly dedicated beamlines lisfed in Table III. 

The NRIXS technique involves excifafion of a nuclear resonance simulfaneous 
with exchange of phonons. The nuclear resonance here is more than a convenience 
to detect small energy changes compared to the incident beam energy (meV out 
of 10 keV), as it also provides element and isotope selectivity. Hence, NRIXS 
is unique among inelastic scattering methods. The technique has been described 
in detail [34, 35]. Here we will briefly discuss the cross-section and explain the 
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Table I. The Mossbauer isotopes within the spectral reach of modern synchrotron radiation sources. 
The current tunable high-resolution monochromators are built for transitions less than 30 keV. How- 
ever, there are other optics possibilities for higher transitions like exact back-scattering [55], and 
nuclear light-house effect [56] 



Isotope 


Tabulated 


Measured 


Energy width 


Half-lifetime, 


Observation 




£o (eV) 


£o (eV) 


r (neV) 


ri/2 (ns) 


technique 


ISlTa 


6238 


6215.5 


0.075 


6050 


Incoherent 


l^^Tm 


8401 


8401.3 


114 


4 


scattering 

NBS 


83kt 


9401 


9403.5 


3.1 


147 


NES, NRIXS 




13263 


- 


0.15 


2953 




57pe 


14413 


14412.5 


4.67 


97.8 


NBS, NFS, NLE, 
NRIXS 


151Eu 


21532 


21541.4 


47 


9.7 


NFS, NRIXS 


149sm 


22490 


22496 


64.1 


7.1 


NLE 




23870 


23879.5 


25.7 


17.75 


NES, NRIXS 


l^^Dy 


25655 


25651.4 


16.2 


28.2 


NES, NRIXS 


129j 


27770 


- 


27.2 


16.8 




40k 


29560 


29834 


107.3 


4.25 


Incoherent 


145Nd 


67100 




6.8 


67.1 


scattering 


6lNi 


67400 


67419 


89 


5.1 


NES, Inelastic 


193k 


73000 




72.3 


6.3 


scattering 


133Cs 


81000 


- 


71.5 


6.4 




63Zn 


93300 


_ 


0.049 


9200 





The acronyms in the last column are: NBS: nuclear Bragg scattering; NFS: nuclear forward scatter- 
ing; NRIXS: nuclear resonant inelastic X-ray scattering with high enough resolution to study phonon 
excitations; NLE: nuclear light-house effect; Incoherent scattering refers to observation of nuclear 
excitation with synchrotron radiation in the incoherent channel without sufficient energy resolution, 
but with time discrimination. 



measurable quantities from a NRIXS experiment and give examples from a number 
of general research topics. 



3. The cross section of NRIXS and its information content 

The incoherent inelastic interaction cross section of X-rays with a medium con- 
taining resonant nuclei when the incident beam energy is away from the resonance 
can be represented by 

CT(k, E) = jCToTS(k, E). 



( 1 ) 
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Table II. Characteristics of some monochromators developed for several Mossbauer isotopes in the 
accessible energy range of 9-27 keV at the 3-ID beamline of the APS. An important technological 
advance is the ability to link two crystals into a “virtual” channel-cut, which allows great flexibility 
in reaching meV level monochromaticity from 8 to 30 keV range [56] 



Isotope 

83 Kr 


Energy 

(eV) 

9.404 


AE 

E/AE{xlO^) 

1 meV 
0.94 


Elux 

(GHz) 


Type 


Notes 

Two dispersive channel-cut crys- 
tals, linked artificially, inline ge- 
ometry suitable for microfocus- 
ing. 


6 




SVpe 


14.413 


0.8 meV 
1.8 


1.0 




Two separate crystal, high- 
throughput, but not suitable for 
microfocusing. 


5’Fe 


14.413 


1.0 meV 
1.4 


2 




Two dispersive channel-cut crys- 
tals, linked artificially, suitable for 
microfocusing. 


ISlEu 


21.541 


0.8 meV 
2.6 


0.4 


JT 


Nested geometry, outer crystals are 
linked artificially, suitable for mi- 
crofocusing. 


“9sn 


23.880 


0.85 meV 
2.8 


0.2 




Nested geometry, outer crystals are 
linked artificially, suitable for mi- 
crofocusing. 


“9sn 


23.880 


0.14meV 

17 


0.004 




Two separate crystal, high- 
throughput, but not suitable for 
microfocusing. 


16lDy 


25.651 


0.5 meV 
5.1 


0.1 




Nested geometry, outer crystals are 
linked artificially, suitable for mi- 
crofocusing. 



Here cto is the nuclear resonance cross section, and T is energy width of the 
first nuclear excited state. The absorption probability of a photon with energy E 
and momentum k due to exchange of energy with a collective excitation is given 
by S(k, E). This quantity should not be confused with S(q, &>), the cross sec- 
tion which can be obtained in momentum transfer, or q-resolved experiment, like 
coherent inelastic neutron scattering. Equation (1) indicates that the interaction 
cross-section of incident photons with the sample during the phonon exchange is 
related to the nuclear level width and the phonon excitation probability. The overall 
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Table III. A list of the dedicated nuclear resonant scattering beamlines at various synchrotron ra- 
diation sources around the world. Only those facilities with timing or bunch structures suitable for 
nuclear resonant studies for at least significant part of the time are listed. Other modem facilities do 
not support suitable timing pattern, and therefore, they are not listed here. Further details regarding 
energy and size of the electron beam, and the X-ray photon brightness are given elsewhere [22] 



Location^*^ 


Beamline 


Isotopes studied 


Other capabilities 


APS 


3-ID 


Kr, Fe, Eu, Sn, Dy 


Undulator source, half-dedicated microfocus- 
ing, quarter-wave phase plate for circular po- 
larization, DAC, IR-laser 


ESRF 


ID- 18 


Ta, Fe, Eu, Sn, Dy 


Undulator source, microfocusing, high mag- 
netic fields, high pressure DAC cells, low 
temp, fully dedicated 




ID-22N 


Ta, Fe, Eu, Sn, Dy 


Undulator source, same as ID- 18, Half- 
dedicated 


SPring-8 


BL09XU 

BLllXU 


Fe, Eu, Sn, Dy, K 


Undulator source, half dedicated, DAC, low 
temperature 




BL 35XU 


Fe, Dy 


Undulator source, dedicated to inelastic X-ray 
scattering, capable of nuclear resonant scatter- 
ing, DAC 


KEK-AR 


NE#4 


Fe, Sn, Dy, Eu 


Undulator source, single-bunch mode exceed- 
ing 40 mA per bunch, half-dedicated station 


HASYLAB 


DORIS F4 


Fe, Eu 


Bending magnet source, dedicated station, 
low temperature 




DORIS BW4 


Fe, Eu, Sn 


Wiggler source (2.7 m long), half-dedicated 
station, low temperature, high magnetic field 




PETRA 


Fe, Dy, Eu, Sn, Ni 


Undulator source (4 m), half-dedicated sta- 
tion, low temperature, high magnetic field 



(*)aps: Advanced Photon Source, Argonne National Lab, Argonne, Illinois, USA. ESRF: Eu- 
ropean Synchrotron Radiation Facility, Grenoble, France. SPring-8, Super Photon Ring, Hyogo, 
Japan. KEK-AR: National Laboratory for High Energy Physics, Accumulator Ring, Tsukuba, Japan. 
HASYLAB: Hamburg Synchrotron Radiation Laboratory, Hamburg, Germany. 



resolution of the spectrum will be given by the monochromator resolution rather 
than internal line width of the nuclear transition, which is negligibly smaller. This 
formula also implies that there can be anisotropic dependence of the cross section 
for single crystal or oriented samples, a reference axis provided by the incident 
photon direction. The real intensity measured will depend also on other intrinsic 
electronic and nuclear factors like the fluorescence yield, internal conversion coef- 
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ficient, and experimental factors like detector efficiency, and isotopic concentration 
in the sample. These details are discussed extensively [34, 35], and they will not 
be repeated here. The absorption probability due to phonons in Equation (1) is 
5(k, E), and it is related to self correlation function, G^(r, t) [36] by a double 
Fourier transform in space and time: 

S(k, E) = — f dtd^re'^'^‘-“">G,(r,r). (2) 

2n J 

The information content in S(k, E) is related to inelastic absorption due to cre- 
ation or annihilation of one or more phonons. In the harmonic approximation, the 
one-phonon density of states can be obtained from the inelastic nuclear absorption 
probability through an iterative process described earlier [1]. The one-phonon term, 
Si(E) is related to projected partial phonon density of states: 



SdE) 



Er • g{E) 

E{\-e-E/kTy 



(3) 



Here, Er is the recoil energy of a free nucleus, k is the Boltzmann constant, and 
E is the transferred energy, and T is the temperature. The normalized density of 
states, g{E), is integrated over phonon momentum in the first Brillouin zone and 
normalized per unit atomic volume. In a harmonic solid, thermodynamic properties 
are additive and they can be obtained from the knowledge of the density of states. 
In a compound containing resonant and non-resonant nuclei, only partial density 
of states is measured. The “partial” character is due to origin of signal coming 
from a Mdssbauer isotope. This may be considered as a restriction because the 
number of Mdssbauer nuclei suitable for synchrotron radiation work is limited. 
However, in systems like proteins, where there are many atoms per molecule, it is 
a great advantage to be sensitive to the vibrational modes of the Mdssbauer atom 
only. Similarly, isotopically decorated interfaces provide an unambiguous signal 
originating from a particular section of a sample and makes NRIXS unique among 
other vibrational spectroscopic methods. 

Physical properties that can be obtained directly or derived from NRIXS data 
are listed in Table IV. Most of these thermodynamic or elastic properties can be 
theoretically calculated or simulated by a variety of modem computational meth- 
ods like density functional theory, molecular dynamics, or obtained from empiri- 
cal force constants derived from other experimental techniques. This fact makes 
NRIXS even more interesting, as the core information gained is related to the 
interatomic potential. 

The important distinguishing characteristics of NRIXS are the element and 
isotope selectivity, relative independence from sample size, form and geometry, 
the rich information content in terms of vibrational, thermodynamic and elastic 
properties, and the potentially universal applications when the Mdssbauer isotope 
is included as a probe in a matrix. We will discuss some these characteristics next. 
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Table IV. Properties that can be extracted directly or indirectly from NRIXS data 



Property 


Information content 


Lamb-Mdssbauer factor, 


flM^ recoil free fraction obtained from density of states, g{E)\ 


or recoil-free fraction 


fLM = exp coth ^ d£^ 


Second-order Doppler shift 


SsOD = -^0^ 


Average kinetic energy 


Extracted from second moment of energy spectrum: 

T = -^{(E - Er^) 

4Er 


Average force constant 


Extracted from third moment of energy spectrum: 
d^U m , , 


Phonon density of states 


Extracted one-phonon absorption probability, 5i (E): 

g{E) = ^tanh^(S^(E) + Si(-E)) 

Er 2 


Specific heat 


Cv^3kBj^ f cscfi(/i£)g(£)d£ 


(vibrational part only) 




Vibrational entropy 


Sv — 3kR J 1 cothf/SE) — ln[2 sinh(yS£)] |g(ii) d£" 


Debye sound velocity 


Erom low-energy portion of the density of states: 


(aggregate sound velocity) 


3V , 


Mode specific vibrational 
amplitude 


Contribution of mode a of atom / to zero-point fluctuation 
[11, 12]: 

2 


Mode specific Gruneisen constant 


From pressure dependence of phonon frequencies (Da of 
acoustic or optical modes: 

9 InfUQ. 

91nV 


Temperature of the sample 


From detailed balance between phonon occupation probability 
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3.1. ELEMENT AND ISOTOPE SELECTIVITY 

The NRIXS technique should not be considered limited because it is only applica- 
ble to some of the selected isotopes listed in Table I. To the contrary, this feature 
has already been exploited in such a way that made the technique unique and 
powerful. For example, in an atomically layered structure, one might be interested 
in differentiating between behavior of atoms at the interface or inside. In such a 
case, it is possible to selectively deposit the Mbssbauer active element’s isotope at 
the desired location by sputtering, and performing the experiments on each sample 
separately. This feature has been exploited in Fe/Cr thin films [37]. ^^Fe has been 
selectively deposited at the interface or inside a layer in a Fe/Cr multilayers system. 
The results show a reduction in the dispersion of [0 0 § ] phonons near the H point 
of the Brillouin zone. 

Perhaps, one of the best examples of the use of element selectivity is the set 
of experiments conducted on protein mimic compounds of Fe-porphyrins [12-14] 
and Fe-containing proteins like myoglobin [16, 17]. The vibrational modes of 
iron containing proteins are of interest to those trying to connect the effect of 
ligands attached to the active sites of metalloproteins to the bending of heme 
group, and its allosteric effects. Whether one uses a model compound like iron- 
tetraphenylporphyrin, or a real heme-protein like myoglobin, the difficulty of ob- 
serving and assigning vibrational modes to the experimentally measured peaks is 
due to the shear number of modes, and lack of optical activity in some modes due 
to symmetry considerations, which may put limits to established techniques like 
Raman or infrared spectroscopy. However, element selectivity of NRIXS combined 
with lack of symmetry requirements provides a new avenue to identify displace- 
ment and frequency of modes associated with all the atoms in the molecule, through 
their impact on the iron atom. This can be seen in Figure 2, which shows the 
vibrational spectrum of single crystal [Fe(TPP) (2-MeIm)], (2methylimidazole) 
(tetraphenyl-porphyrinato) iron(II). This compound serves as a model for deoxy- 
heme proteins. The vibrational spectrum of a single crystal compound taken in 
two directions with respect to the porphyrin plane (in-plane and out-of-plane) is 
compared to the polycrystalline sample. The detailed breakdown of each mode 
assignment has been accomplished [14]. From the analysis, it is possible to learn 
the frequency, amplitude, and relative contribution of each eigenmode to the total 
potential energy [12]. When such studies are conducted systematically as the types 
of ligands attached to the iron varies (like CO, NO, OH, O 2 ), then a more complete 
picture of iron dynamics in metalloproteins may emerge. Another important ap- 
plication of NRIXS is in the study of spin-crossover complexes. These vibrational 
frequency changes in complexes that undergo a high-spin to low-spin transition 
upon cooling [38] can be monitored with high selectivity due to the ability of 
NRIXS to focus on a few modes [11, 39]. Thus, NRIXS may be considered a 
complementary spectroscopic tool to infrared or Raman spectroscopy. Particularly, 
when these studies are combined with density functional calculations similar to the 
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Energy (meV) 

Figure 2. The measured Fe partial phonon density of states of [Fe(TPP)(2-MeIm)], ((2-methylimi- 
dazole) (tetraphenylporphyrinato) iron(II)). The single crystal whose porphyrin plane was oriented 
either parallel or perpendicular to X-ray propagation axis helped unambiguous identification of 
in-plane and out-of-plane vibrations. The data is taken with an overall resolution of 0.8 meV, 
two-crystal monochromator as described in [26]. The detailed breakdown of peak analysis has been 
accomplished [14]. 



ones performed on CO-binding heme proteins and its model compounds, functional 
properties of proteins can be better addressed [40]. 

3.2. SAMPLE SIZE 

Focusing X-rays to a few micrometers in size with great efficiency is possible 
using horizontally and vertically focusing total external reflection mirrors [27] 
This, in turn, enables different kinds of experiments. Small samples with a total 
weight of nanogram and samples under extreme conditions like high pressures 
only achievable inside a diamond-anvil cell (DAC) can be studied. For this type of 
work, typically samples of a few micrometers are placed inside a gasket material 
and squeezed between diamond culets of a few hundred-micrometer in diameter 
to reach pressures exceeding a Mbar [10, 41]. In our set-up. X-rays are focused 
to a diameter less than 5 /xm using a pair of elliptically bent mirrors. The sample 
thickness is also similar, giving a total weight of 1 nanogram. An example is pro- 
vided to demonstrate the change in the density of states of iron at three different 
pressures in Figure 3. The high-pressure measurements are an important part of 
determination of equation of state of materials under extreme conditions, provid- 
ing a wealth of information through density of states. Particularly, extraction of 
the aggregate speed-of-sound, mode-specific Griineisen constant, which measures 
change in the vibrational frequency as a function of volume can be determined. 
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Figure 3. The phonon density of states of iron metal, recorded with 2 meV overall resolution, as a 
function of pressure in a diamond-anvil cell at room temperature. The data for ambient were taken 
from a thick iron foil that is outside the pressure cell. A more systematic study on a larger pressure 
range, albeit less statistics, allowed determination of aggregate speed of sound propagation in iron 
up to 150 GPa [10]. Note that there is a structural phase transition between 13 and 20 GPa, during 
which iron transforms from a body centered cubic phase to hexagonal close packed structure. 



These thermodynamic and elastic parameters can be simulated using density func- 
tional theory. This aspect of the NRIXS should then provide important clues to find 
the active vibrational modes involved in a phase transition, whether due to a change 
in pressure or temperature. 

3.3. SAMPLE FORMS: SINGLE CRYSTAL, POLYCRYSTALLINE OR AMORPHOUS 

The NRIXS can be applied to different forms of aggregation. Single crystals, poly- 
crystals in the form of powders or thin films, and amorphous phases can be sfudied. 
The information content can be quite different and revealing, as well as challenging 
to calculate in each case. We present two examples to illustrate this point. The 
vibrational spectra of ^^Fe in amorphous and crystalline Tb 2 pe are compared in 
Figures 4 (raw data) and 5 (partial density of states) [42]. As the near-neighbor en- 
vironment for ^^Fe changes from well defined fo a disfribution, fhe force consfanfs 
follow the atomic distribution change, resulting in a phonon spectrum that is energy 
dispersive, with higher frequency modes as well as heavily damped modes. The 
recoil free fraction obtained from the NRIXS data yields / = 0.68 for crystalline 
phase, and / = 0.57 for the amorphous phase, respectively. Without the benefit of 
having phonon density of states, this may be interpreted as softening of the lattice. 
However, it is clear that in addition to soft modes, some high-energy modes result 
from crystalline-to-amorphous transition. Thus, concepts like Debye temperature, 
or average displacement may not be that informative in the case of amorphous 
phases. This is a relevant finding for the correct interpretation of EXAFS data. In 
the standard formulation, the damping of the EXAFS signal at higher energies is 
accounted for by a single (e.g., Einstein) temperature, which may be misleading. 
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Energy (meV) 

Figure 4. Raw NRIXS data as collected by energy scanning of the time-delayed nuclear reso- 
nance-induced Fe Kff fluorescence signal of 6.4 keV, integrated over a time window of 20-150 nsec. 
The solid line belongs to the crystalline form of Fe 2 Tb, while the dotted data belong to the amorphous 
alloy of the same composition. Both samples were prepared in thin-fllm form. The logarithmic plot 
is intended to show that signal-to-noise ratio that exceeds 4 orders of magnitude. This feature of 
NRIXS can be exploited in many different ways in terms of small samples and very low isotope 
concentration. It should also be mentioned that the signal here represents a convolution of one, two 
and three phonon processes, as it is particularly visible at ±44 meV, which is a two phonon image of 
the peak at ±22 meV. 




Energy (meV) 

Figure 5. The vibrational density-of-states of iron are given for crystalline (solid) and amorphous 
(dotted) forms of Fe 2 Tb. The sharp feature at 22 meV in the crystalline form can be attributed 
to a dispersion-free optical mode. The emergence of low-energy modes, as well as high-energy 
modes upon amorphization seems to be common characteristics of crystalline-to-amorphous [37] 
or order-disorder transformation [43, 44]. The change in phonon density of states shown above can 
be attributed to imbalance between Tb and Fe near neighbor coordination numbers, which creates a 
range of force constants between Fe and its neighbors. 
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since there is a distribution of vibrational frequencies. Similar features are also 
observed in earlier experiments in crystalline intermetallic compounds of Fc 3 Al 
and PtaFe undergoing order-disorder phase transition [43, 44]. Thus, the NRIXS 
data provide a way to check calculations that will include distribution of force 
constants and the dynamics of disordered and amorphous systems. 

The data for single crystals or oriented samples can be as interesting and useful 
and this was shown earlier in the discussion of metalloproteins (Figure 2). The 
NRIXS cross-section given in Equation (1) is dependent on the momentum transfer, 
k, which is defined by the direction of the incident beam, and its magnitude by the 
energy of the nuclear transition. Thus, oriented samples or single crystals which 
form a well defined angle wifh k will have projected partial densify of vibrational 
slates along Ibis direction. The case for anisolropic cryslals was formulaled in [45] 
and applied lo FeBOs. In Ihe general case, Ihe densify of slates is given by 



Here, is Ihe energy phonon modes m, wifh (quasi) momenlum k and is 
the polarization vector at atom p in the unit cell. Vector s defines Ihe direclion of X- 
rays. The experimenlal procedure lo derive local densify of slales and anisolropy 
functions for differenl Bravais lallices are also described [34]. Hence, one needs 
lo be aware of presence of any anisolropy induced during phase Iransilions, and 
sample manipulation. Even for powder samples, Ihe resulting densify of slates 
may prove lo be sensitive lo orienlalion preference occurred during packing of 
the sample, as it was the case for SnO powder samples packed on a tape [46]. This 
issue becomes sensitive for high-pressure studies where induced anisotropy may 
affect the speed of sound measurements in hep-iron above 20 GPa [47]. 

3.4. SAMPLE GEOMETRY: THIN FILMS, BURIED INTEREACES, MONOLAYERS 

Another unique characteristic of NRIXS is its ability to study thin films and buried 
interfaces. The low vertical divergence of Ihe undulalor radiation (10 /xrad) and fur- 
Iher focusing lo micrometer levels enables sludies of very small Ihin-film samples. 
Early sludies on iron Ihin films provided some insighl into phonon damping [48]. 
The currenl inleresl in Ihermal conductivity of Ihin films is due to nano-scale elec- 
Ironics componenls lhal are expected to Iransporl heal. NRIXS sludies provide a 
tool to measure phonon lifetime broadening. As Ihe energy resolution improves 
from meV to sub-meV levels, Ihis approach may become more effective. The besl 
resolution oblained, 0.14 meV al 23.88 keV of "^Sn nuclear resonance [49], and 
0.12 meV al ^^Ee nuclear resonance [50], implies ability to measure frequency of 
less lhan a THz. When Ihin films are prepared in a special form lhal Ihe layer of 
inleresl is squeezed belween Iwo layers wilh larger election density, a slanding 
wave can form inside Ihe layer conlaining Ihe nuclear resonanl isotope. An exper- 
imenlal demonslralion of Ihis has been accomplished by synlhesizing a sample of 




(4) 
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Pd/FeBOs/Pd, in which a 10-fold enhancement of Fe Ka fluorescence yield was 
obtained [51] This wave-guide effect enables measuring phonons in films as thin 
as monolayer. 

The ability to study thin films has some other interesting consequences. The 
composition range of amorphous phase formation in transition metaVrare-earth 
(TM-RE) metallic glasses can be extended on TM or RE-rich side of the com- 
position spectrum substantially when the film is prepared in thin-film form. For 
example, in Fe^Tbi-;^ system, 0.3 < x < 0.8 can be attained [52]. Systematic 
NRIXS studies carried out in this and similar systems may shed light onto the low 
frequency dynamics of disordered systems, such as the origin of the Boson peak. 

3.5. DETERMINATION OF COMPLETE DENSITY OF STATES FROM PARTIAL 
VALUES 

The NRIXS technique reveals position correlation information that is weighted by 
the nuclear isotope. The self-correlation function, Gj(r, t) given in Equation (2) 
can be explicitly written as follows: 



where r is the displacement operator of each atom. When this operator is written 
explicitly for each atom j, the inelastic absorption probability S(k, E) becomes: 



Therefore, experiments on alloys may require more than one isotope to be 
present in the alloy, for complete extraction of density of states. We have conducted 
experiments in ^^Ee^^'Dy, where both elements have suitable isotopes for NRIXS 
studies. The partial and reconstructed density-of-states are given in Eigure 6. It is 
also instructive to see that the iron density of states in Laves phases of Ee 2 Tb and 
Ee 2 Dy are strikingly similar. In both cases, Ee atoms are surrounded by heavier 
rare-earth atoms with a crystallographically unique site. The dispersion free optical 
mode of Ee disappears with the introduction of chemical or topological disorder, 
as it was the case given in Eigure 7. 



3.6. NUCLEAR RESONANT ISOTOPE AS AN IMPURITY 

The advances made by working with small samples can also be exploited to study 
dilute samples, in which Mdssbauer nuclei are placed as a probe of the host matrix. 
This potential was demonstrated earlier in ^^Ee-doped Cu and A1 [15]. The ability 
to work with dilute samples brings the possibility of measuring speed of sound in 




(5) 




( 6 ) 
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Figure 6. The partial density of states of Fe in Dy in Fe 2 Dy sample obtained through ^®^Dy {bottom) 
and ^^Fe {middle) by NRIXS techniques. The reconstructed total density of states is also shown {top). 
The energy resolution for ^^Fe was 2 meV, while energy-resolution for ^^^Dy was 0.5 meV. 




Figure 7. There is a remarkable similarity between phonon density of states of Laves phases of 
Fe 2 Dy and Fe 2 Tb. Fe 2 Dy was a single crystal, while Fe 2 Tb was in thin film form. C15 structure has 
one crystallographically equivalent site for Fe, with 6 iron and 6 Tb or Dy near neighbors. The width 
of the sharp peak is 3.5 meV, which is larger than the resolution function of 2 meV. This could be 
due to lack of perfect chemical order in the crystalline phase. 



any matrix [53]. The low-energy part of phonon density of states has an energy 
dependence given by the Debye model: 



g{E) 



V 






For a cubic crystal 




(V) 



c. 



2n^g{E) 



( 8 ) 
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and for a nuclear resonant impurity with mass m' , in a host matrix with mass m, 
a modified form to take into account of mass normalization [53]. Here, a is the 
lattice constant, and Cs is the speed of sound, n is the atomic density 



1 



m 



1/3 



h _m 27t2 • n ■ g(E)_ 



(9) 



Preliminary results obtained points toward validity of this hypothesis, in ab- 
sence of other low-energy excitations in the 0-10 meV energy range. However, 
this may not always be the case, as it was shown earlier that there are significant 
deviations from Debye-like behavior in transition metal/rare-earth amorphous ma- 
terials [37] and near a magnetic phase transition in FeO under pressure [54]. Same 
limitation applies when significant anisotropy is present [46, 47]. 

The quality of signal for NRIXS is another topic worthy of discussion. A raw 
data set obtained on Fe-Tb alloy is given in Figure 4. Here, we would like to 
emphasize the importance of time-discrimination in improving the signal-to-noise 
ratio. The raw data shows that the background is 4 orders of magnitude below the 
signal at 80 meV away from the elastic peak, in this iron-rich compound. Thus, 
even with small amount of impurity in a matrix, NRIXS studies can be conducted. 



4. Summary 

The relatively straightforward experiments of NRIXS provide a plethora of infor- 
mation about thermodynamic and elastic properties. Some of these properties are 
given in Table IV, and they are discussed previously in detail [34, 35]. However, 
as time goes on, we find ouf fhaf NRIXS dafa are more versafile and richer fhan 
if appears. The abilify fo measure femperafure and fhe use of resonanf nuclei as 
a probe afom in a hosf mafrix, which are nol discussed here, should further pro- 
vide newer applications. Huge pofenfial in molecular vibrafional specfroscopy as 
a complemenfary mefhod fo Raman or infrared specfroscopy are emerging wifh 
fhe ongoing experimenfs. As fhe fheorefical machinery of modern compufafional 
physics is fumed on, we expecf fhaf fhe NRIXS will become a mefhod of choice for 
a cerfain class of experimenfs in such diverse fields as biology, geology, chemisfry, 
and physics. 
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Abstract. Since its observation in 1985 nuclear resonant scattering of synchrotron radiation has 
become an excellent tool to study hyperfine interactions in solids. It combines the advantages of both 
local probe experiments and scattering techniques and gives valuable information on magnetic and 
electronic structures in case of NFS experiments. Experiments benefit from the outstanding beam 
quality of 3rd generation synchrotron radiation sources, as the small beam size and divergence. 

Key words: synchrotron radiation, nuclear resonant scattering, ^^Fe, *^^Eu, magnetic hyperfine 
interaction. 

1. Introduction 

Since the pioneering work of Gerdau et al. [1], which showed for the first time nu- 
clear resonant scattering of synchrotron radiation (short NRS) this field has dynam- 
ically developed from an exotic “playground” - with the need of highly isotopic 
enriched perfect single crystals - to an established method. Since then the tech- 
nical development, like dedicated synchrotron radiation sources, high-resolution 
X-ray optics and fast detectors, has made a rapid development possible. Nowadays, 
third-generation synchrotron radiation sources such as the European Synchrotron 
Radiation Eacility (ESRE) in Grenoble/Erance, the Advanced Photon Source (APS) 
in Chicago/USA and SPring-8 in Harima/Japan provide high brilliant beams to 
perform efficiently NRS under extreme sample conditions, like small sample size, 
grazing incidence geometry or high pressure. A number of recent reviews on the 
development and on various aspects of the NRS technique can be found in [2]. 

There exist mainly two branches: nuclear forward scattering (short NES) and 
nuclear inelastic scattering. NES can be considered to be a complementary tech- 
nique to Mdssbauer spectroscopy, since it means in most cases hyperfine spec- 
troscopy, combining the energy resolution of Mdssbauer resonances with the out- 
standing properties of third generation sources. Due to the linear polarization of 
synchrotron radiation, NES is especially sensitive to the direction of magnetic 
hyperfine fields. 

The following chapters will give a general introduction to nuclear forward scat- 
tering and a short beamline layout for NRS experiments. We will treat NES utiliz- 
ing the two nuclei ^^Ee and '^'Eu. 
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2. Nuclear forward scattering of synchrotron radiation 

The first NFS experiments were performed by Hastings et al. [3] and van Biirck 
et al. [4] on magnetized a-Fe foils. An overview on NFS can be found in recent 
review articles, as, for example, in [5, 6], which, however, cover only the ^^Fe 
resonance. In the following we will give a short introduction to the NFS method 
with special focus on the isotopes ^^Fe and ^^'Eu and their magnetic hyperfine 
interaction. 

2.1. BASICS OF NFS 

The basics of NFS are visualized in Figure 1 . 

— Figure 1(a) gives a very schematic sketch of a NFS experiment. The black 
dots represent the electron bunches in the storage ring. A typical bunch length 
is ~100 ps. The highly collimated, pulsed synchrotron radiation impinges on 
the sample, the transmitted and forward scattered radiation is recorded by a 
fast detector. 

— Figure 1(b) shows how the time evolution of this intensity can be used to 
discriminate the resonant from the nonresonant intensity. The black spikes 
correspond to the exciting pulses, which define the “time zero” of the nuclear 
excitation and will be suppressed by electronic means in the course of the 
experiment. At the ESRF in 16-bunch mode the distance between two suc- 
cessive pulses is 176 ns corresponding to the electron bunch distance. The 
shaded areas in between these spikes visualize the nuclear forward scattered 
intensity, which is delayed with respect to the exciting pulse due to the life 
time of the nuclear excited states. Typical life times are 141 ns for ^^Ee and 
14.1 ns for ^^'Eu. 

— Eigures l(c,d) displays on two examples the time behaviour of the reemitted 
photons in forward direction, which is, in general, not just an exponential 
decay with the corresponding life time of the excited nuclear state. The time 
decay shows characteristic modulations, which are on the one hand caused 
by the hyperfine interactions {quantum beats) and on the other hand due to 
multiple scattering in thick samples {dynamical beats). 

— In Eigure 1(c) we show the simplest case, without hyperfine splitting the 
energetically broad synchrotron radiation pulse excites the nucleus (wide up- 
arrow), the reemitted radiation in forward direction (down-arrow) contains 
only y -quanta of one energy. In the case of excitation of a single nucleus 
this results in a simple exponential decay (dotted line). In a real experiment 
one hardly deals with single nuclei, but uses samples with finite thickness. 
Coherent multiple scattering occurs in a thick sample, the forward scattered 
intensity exhibits a characteristic time modulation, the so-called dynamical 
beats (full line). 

— Eigure 1(d) shows the case of a hyperfine split excited nuclear state, where two 
transitions are coherently excited (wide up-arrow). Now the forward reemitted 
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Figure 1. (a) Schematic of a NFS experiment, (b) Time structure of the detected radiation, (c) NFS 
time patterns for unsplit nuclear levels, (d) NFS time patterns for hyperfine split nuclear levels; 
the forward scattering process from two close lying nuclear levels gives rise to the chracteristic 
modulation of the time pattern. The dashed lines in (c), (d) correspond to a single nucleus response, 
the full lines result from a thick sample. The dotted lines in (d) correspond to the intensity pattern of 
the unsplit nuclear levels that determine the envelope of the quantum beat pattern. For more details 
see text. 



radiation contains y -quanta with two different energies (two down-arrows) 
which can interfere and lead to the so-called quantum beats. The dashed line 
shows again the forward scattering from a single nucleus, the beat frequency 
is determined by the energy splitting of the excited nuclear state, the envelope 
(dotted line) is an exponential which corresponds to the nuclear life time. 
In a thick sample (full line) the quantum beat pattern is superimposed by 
dynamical beats, the corresponding envelope (dotted line) has the same shape 
as the NFS pattern of a single line transition (Figure 1(c)) from a sample of 
half the thickness. 

Like in conventional energy domain Mdssbauer spectroscopy ^^Fe is the most 
widely used isotope in nuclear resonant scattering of synchrotron radiation. NFS 
experiments with other isotopes, i.e., '^^Tm [7] ,"^Sn [8-10] ^^Kr [11, 12], ^^'Ta 
[13], and '^^Eu [14] have been treated in a recent review [16]. Others, which are 
especially important for magnetism, are, e.g., '^'Dy [17] or '^^Sm [18]. 



3. Beamline layout for NFS 

Synchrotron radiation sources and “standard” beam line optics deliver a very in- 
tense photon beam with a bandwidth in the order of some eV, which is very large as 
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Figure 2. Experimental setup for nuclear forward scattering of synchrotron radiation. CRL: com- 
pound refractive lens; HHLM: high heat load monochromator; HRM: high-resolution monochroma- 
tor; FM: focusing monochromator; APD: avalanche photo diode (for details see text). 



compared to the extremely narrow widths of nuclear resonances, which are usually 
in the order of 1 neV to 100 neV in the case of Mdssbauer isotopes. More sophis- 
ticated optics were designed, in order to reduce the energy bandwidth and by that 
the load on the detectors and the timing electronics. A typical experimental setup 
for nuclear forward scattering, e.g., at the ESRF beamline ID18 [19], is displayed 
in Figure 2. 

The X-ray beam is monochromatized in two steps. A high heat load monochro- 
mator (HHFM) typically consisting of two cryogenically cooled Si(l 1 1) single 
crystals yields an energy resolution of some eV. The high-resolution monochroma- 
tor (HRM) utilizes two Si channel cut crystals in nested configuration as proposed 
in [20] and delivers an energy band of some meV. For each isotope a special 
monochromator solution has to be found. The beam can be focused or collimated 
by a compound refractive lens CRF [21] and/or a focusing monochromator (FM) 
[22] to ~100 X 100 /xm^ FWHM, in order to improve the throughput and the 
energy resolution of the monochromators, as well as to reduce the beam size at the 
sample. The cryomagnetic system with a superconducting split coil magnet can 
reach magnetic fields up fo 6T in a femperafure range from ~2 K fo ~400 K. This 
sysfem has a large sample space (diameter 48 mm) in order fo mounf high-pressure 
cells or samples for grazing incidence experimenfs. The cryosfaf is mounted on a 
fwo circle goniometer for adjusting till and glancing angle, respeclively. As fasl 
defector serves an avalanche pholo diode (APD) [23, 24] wilh a lime resolulion 
below 1 ns. For a review on monochromalizalion cf. [25], on fasl deleclors cf. [26]. 

Recenlly, a pair of Kirkpalrick-Baez mirrors has been successfully applied to 
focus Ihe monochromalized beam down fo ~10 x 15 /xm^ al Ihe NRS slalions ID 18 
and ID22N al Ihe ESRF. Nuclear inelastic scattering sludies in Ihe Mbar range 
were performed al Ihe APS wilh spol sizes of ~5 x 5 /xm^ using Kirkpalrick-Baez 
mirrors [27]. 
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4. NFS and hyperfine interactions 

4.1. MAGNETIC HYPERFINE INTERACTION IN a-IRON 

As first example we show in Figure 3 NFS spectra of a magnetized a-^^Fe foil. 
The 7e = 3/2 — 7g = 1/2 Mossbauer transition in ^^Fe (7e, 7g are the spin 
quantum numbers of the excited and ground state, respectively) is a magnetic di- 
pole transition. The magnetic hyperfine interaction completely lifts the degeneracy 
of the nuclear levels, the selection rules for dipole radiation allow Am = 0, ±1 
transitions, i.e., 6 transitions. Spectra were measured at a temperature T ~ 100 K 
in a helium bath cryostat in external fields of 1 T in plane and 3 T perpendicular 
to the plane of the foil. Figure 3 shows the pronounced dependence of the NFS 
time patterns on the external magnetic field direction. This is caused both by the 
angular characteristics of the dipole transition and the linear polarization of the 
synchrotron radiation, which is depicted in the coordinate system in Figure 3. We 
call it O' -polarization, when the electric field vector E is in the storage ring plane. 
The relevant Mossbauer transitions, the corresponding polarization eigenstates of 




40 80 120 160 

time / ns 



Figure 3. NFS spectra of a 3 /xm thin foil in external magnetic fields of different di- 

rections as indicated. Measurements were done at the nuclear resonance station BW4 [28] at 
HASYLAB/DESY. k is the direction of the photon, E the direction of the polarization vector of 
the beam (cr -polarization). The stick diagrams represent the corresponding Mossbauer spectra, the 
transition schemes on the right assume a linear polarized source. 1 and r denote left and right circular 
polarization, respectively. 
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the transitions and the change of the magnetic quantum number Am are given in 
the figure, as well. 

In case (a) the external magnetic field is perpendicular fo fhe sforage ring plane, 
only fhe Am = 0 fransifions are ct - polarized and can be excifed. The fwo possible 
hyperfine fransifions visualized by fhe grey line in fhe sfick diagram and in fhe 
fransifion scheme give rise fo fhe fasf quanfum beaf modulation superimposed by 
fhe slower dynamical beaf wifh ifs infensify minimum around 90 ns. 

In case (b) fhe exfernal magnetic field is parallel fo fhe polarization of fhe syn- 
chrofron radiation, now fhe Am = ±1 fransifions have fhe proper polarization 
and can be excifed. The inferference of now four possible fransifions wifh differenf 
amplifudes gives a more complicafed beaf paffem. 

In case (c), where H is parallel fo k, fhe eigenpolarizafion sfafes of fhe nuclear 
fransifions are leff and righf circular. All 4 fransifions can be excifed, because fhe 
polarization of fhe incoming beam can be described as a linear combination of leff 
and righf circular polarizafion. A rafher simple quanfum beaf paffern appears, due 
fo the fact that Am = 4-1 can not interfere with Am = — 1 transitions, and there is 
only one energy difference between transitions belonging to the same polarization 
state. 

The two cases (a) and (b) in Figure 3, where the hyperfine field is aligned 
perpendicular fo fhe beam by fhe exfernal field, would nol be disfinguishable in 
Mossbauer specfroscopy wifh a convenfional unpolarized source. Polarized single 
line Mossbauer sources are fhe exception rafher fhan fhe rule. We wanf fo menfion 
the concept [29] and recent applications utilizing circular polarized [30-32] and 
linear polarized [33] Mossbauer sources. 



4.2. EXAMPLES EOR NFS ON 

Experiments on samples in confined geomefry, like under high pressure, surfaces/ 
fhin films or microcrysfals, especially benefif from fhe small beam size. In fhe 
following we will give some selected examples. 

High pressures in fhe Mbar range are reached in diamond anvil cells, wifh 
sample diamefers of abouf 50-100 /xm. The firsf successful high-pressure NFS 
experimenf was performed on fhe a — ^ c fransifion of iron [34] demonsfrafing 
fhe power of fhe NFS fechnique in high pressure sfudies. Anofher example of a 
high-pressure-induced phase fransifion is fhe fransifion from fhe anfiferromagnefic 
fo a nonmagnetic sfafe in FeBOs, discovered by NFS af abouf 45 GPa [35]. The 
application of exfernal magnefic fields, which is very difficulf in high-pressure 
Mossbauer specfroscopy, bears no problems in NFS wifh synchrofron radiation 
and was very useful for fhe analysis of magnefic NFS specfra in various RFc 2 
Eaves phases (R = Y, Gd, Sc, Fu, . . .), which were sfudied up fo pressures of 105 
GPa [36, 37]. 

NRS experimenfs on surfaces and multilayers are usually performed in grazing 
incidence geomefry close fo fhe critical angle of fofal reflection, where fhe besf 
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signal-to-background ratio is achieved [38]. Then the effective sample height is 
~50 /xm. A well-focused beam allowed one to investigate sub-monolayer coverage 
of ^^Fe on a tungsten surface, as demonstrated in [39], where the surprising result 
of a magnetisation perpendicular to the layer was found. The magnetic field history 
dependent change of magnetic domain sizes was possible to resolve by off-specular 
NRS in grazing incidence geometry on a ^^Fe/Cr multilayer on MgO [40], where 
it was shown that a magnetic field induced bulk-spin-flop was accompanied by a 
coarsening of the domain sizes. 

Very recently, the above-mentioned Kirkpatrick-Baez focusing mirror optics 
enabled an experiment on single tiny microcrystals of only 5x5 jXTC? area [41]. 



4.3. MAGNETIC AND ELECTRIC HYPEREINE INTERACTIONS IN Eu 
COMPOUNDS 

One very interesting nucleus in the field of magnetism is '^^Eu with a resonance 
energy of 21.5417 keV. The 7e = 7/2 — > 7g = 5/2 Mossbauer transition in ^^'Eu 
is a magnetic dipole transition, as well. If a magnetic hyperfine interaction acts on 
the nucleus this results in 18 transitions. The numerous spectroscopic applications 
of this resonance benefit from the two valence states of europium and their large 
difference in isomer shift and different magnetic properties. The Eu^+ ion with 
the magnetic 4f^(^Sv/2) state is an excellent example of pure spin magnetism, 
therefore, magnetic properties can be easily monitored with the ^^'Eu resonance. 
Together with the Eu^+ ion with its non-magnetic 4f^(^Eo) configuration of the 
4f shell, europium compounds offer the possibility to study, e.g., temperature and 
pressure dependent valence transitions and intermediate valence systems. ^^'Eu 
Mossbauer spectroscopy was very successful to study these phenomena [42], gen- 
eral reviews on '^^Eu Mossbauer spectroscopy [43]. The resonance was first ob- 
served in nuclear forward scattering at the ESRE [14] and in nuclear inelastic 
scattering geometry at TRISTAN (KEK, Tsukuba) [15]. A recent review on NRS 
with this isotope and on instrumentation is given in [16]. 

As an introductory example the effect of magnetic hyperfine interaction on the 
'^'Eu nuclei is depicted in Eigure 4, where we show experimental results on a 
poly crystalline sample of EuS, which is ferromagnetically ordered below Tq = 
16.5 K. The experimental setup at ID 18 at the ESRE corresponds to that in Eigure 2 
given above. By proper choice of the direction of an external magnetic field one 
can select either Am = ±1 or Am = 0 transitions, when studying ferromagnetic 
compounds, and simplify considerably the time spectra as in the case of ^^Ee. The 
time spectra depend in a very pronounced manner on the external magnetic field 
direction. Note, that without an external field all 18 transitions contribute to the 
time spectmm (Eigure 4, case(a)), while with external field in both cases (b) and (c) 
only the Am = ±1 transitions can be excited. Again in the case that 77 is parallel to 
k the eigenpolarization states are left and right circular and a rather simple quantum 
beat pattern appears, due to the fact that Am = 4-1 can not interfere with Am = 
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Figure 4. Left. NFS spectra of a EuS powder sample measured at ID18/ESRF; (a) F = 4 K, 
/fext = 0; (b) r — 1 K, ifext = 3 T parallel to £; (c) F = 4 K ifext = 3.66 T pai'allel to k (as 
defined in Figure 3). Right, nuclear level scheme and possible transitions assuming pure magnetic 
hyperfine interaction; dashed lines: Am = 0 transitions; full lines: Am = ±1 transitions. 



— 1 transitions (see Figure 4(c)). When H is parallel to the polarization vector 
E of the synchrotron radiation beam, all Am = ±1 transitions have the same 
polarization and can interfere (Figure 4(b)). 

After this first basic experiment several applications at the '^^Eu resonance were 
performed at the ID 18 beam line. As mentioned above, the large difference in 
isomer shift between the Eu^+ and the Eu^+ valence states makes NES on europium 
compounds an almost ideal tool to determine the valence of the Eu atom/ion, by 
using reference samples of well-known isomer shift upstream or downstream the 
sample under study. This technique was successfully applied at the ^^Ee resonance 
[44, 45]. It is worthwile to note that - in contrast to conventional Mdssbauer spec- 
troscopy - a direct determination of the isomer shift is not possible in a single 
NES measurement without reference sample, due to the broadband excitation by 
the synchrotron radiation pulse. In the case of '^'Eu there exist two standard com- 
pounds, the divalent EuS and the trivalent EUE 3 . Eor demonstration of the effect of 
the isomer shift relative to a reference sample, powder samples of EuS and EUE 3 
were measured both alone and sandwiched together [46]. The results are shown in 
Eigure 5. 

Eigure 5(a): The time spectrum of a EuS powder sample can be fitted with a 
single resonance line, assuming a slight thickness inhomogeneity, which smears 
out the expected Bessel minimum of the dynamical beat structure. 

Eigure 5(c): Time spectrum of a EUE 3 powder sample. This spectrum can- 
not be fitted with a single line only. The Bessel minimum is pronounced and 
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Figure 5 . (a) Time spectrum of an EuS powder sample. The dashed line corresponds to a decay with 
the natural life time, (b) Time spectrum of an EuS/EuF3 powder sample “sandwich”. The dashed 
line resembles the shape of the spectrum of an “ideal sandwich” with two samples of the same 
thickness, (c) Time spectrum of an EUF3 powder sample. The stick diagrams on the right visualize 
the position of the resonance lines in energy scale. The (small) line broadening in EUF3 due to 
quadrupole splitting is neglected in the stick diagram. 



excludes the possibility of a large thickness distribution. The best fit result was 
obtained assuming a quadrupole interaction parameter of the nuclear ground state, 
^QgVzz = (3-4 ± 0.5) mm/s (where Qg is the quadrupole moment of the ground 
state of the '^'Eu nucleus) together with an asymmetry parameter of the electric 
field gradienf (EFG) tensor, r] = 0.8. The sign of V^j., fhe main componenf of 
fhe EFG-fensor, can nol be defermined, again due fo fhe broad bandwidfh of fhe 
excifing beam compared wifh fhe nuclear level widfh. The unavoidable line broad- 
ening of a sfandard SmF 3 Mossbauer source obscured fhis splitting of fhe EUF 3 
resonance in conventional Mossbauer specfra [47]. Figure 5(b): The time specfrum 
of fhe EuS/EuF 3 sandwich clearly reveals fhe large isomer shifl befween fhe Eu^+ 
and fhe Eu^+ slates, exhibiting fasl quanlum heals wifh a period of ~5 ns. The fitted 
difference in isomer shifl A(IS) = (11.8 ± 0.05) mm/s corresponds lo an energy 
of 8.5 • 10“^ eV ^ 205 MHz. Wifh fhe use of fhe EuS isomer shifl reference Ihe 
determination of Ihe sign of Ihe quadmpole interaction parameter for EUF 3 is pos- 
sible, in principle. Bui, al large r] Ihe speclrum of EUF 3 is almosl symmelric, which 
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makes an unambiguous determination difficult. However, the of the fits favours 
the negative sign. The intensity at the Bessel minimum around 30 ns does not reach 
the zero level, due to the different thickness of the two samples. It only reduces the 
quantum beat contrast. The dashed line shows the simulation of the time delayed 
intensity of an “ideal sandwich” with two samples of the same thickness, keeping 
all other parameters fixed. 



5. Summary 

The fhird-generafion synchrofron radiafion sources gave a new impacf on fhe field 
of hyperfine specfroscopy, due fo fhe high brilliance and fhe wide funabilify. Es- 
pecially, fhe small beam size and fhe high collimafion of fhe synchrofron radiafion 
beam give applicafions in high pressure, surfaces and inferfaces, and small crysfals 
new impefus. Polarizing magnefic fields simplify fhe NFS specfra and can be used 
fo unravel fhe magnetic ordering fype. Synchrofron radiafion is funable in energy 
over fhe entire energy range of Mbssbauer nuclei. Allhough mosl experimenls are 
still performed af fhe resonance of fhe ^^Fe nucleus, which seems fo be fhe ideal 
probe in solids, ofher Mbssbauer isolopes, especially above 20 keV, like '^'Eu, are 
nowadays roulinely available for nuclear resonance experimenls al 3rd generalion 
synchrofron radiation sources. 
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and Nanoparticles 
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Abstract. Nuclear resonant scattering of synchrotron radiation is applied to investigate the magnetic 
spin structure of nanoscale systems. The outstanding brilliance of modem synchrotron radiation 
sources allows for sensitivities in the sub-monolayer regime. Due to the isotopic sensitivity of the 
scattering process, ultrathin probe layers of Mbssbauer isotopes can be used to map out the magnetic 
stmcture of thin films with sub-nm spatial resolution. This technique is applied to determine the 
magnetic spin stmcture of an exchange-coupled bilayer system. Moreover, a procedure is introduced 
to determine the magnetic structure of nanoscale islands on a single-crystalline surface. An algorithm 
is developed that allows one to extract the magnetic structure function from a series of measured time 
spectra. These techniques can be extended to a number of Mossbauer isotopes that are constituents 
of modem magnetic materials. 

Key words: synchrotron radiation, spin structure, exchange spring, thin films, grazing incidence, 
coherent scattering. 



1. Introduction 

The magnetic structure of nanoscale devices plays an increasingly important role 
in many branches of applied physics and materials science. This is particularly true 
for the rising field of magnetoelectronics where electronic transport properties are 
controlled by the magnetization of thin films. The mosf prominenf example is fhe 
effecl of gianf magneforesisfance (GMR) fhaf forms fhe basis for dafa readouf in 
magnefic sforage media [1]. The infroducfion of GMR read heads led fo a signifi- 
canf increase in fhe sforage densify of magnefic hard disk drives. Anofher example 
is fhe magnefic random access memory (MRAM) fhaf combines high-speed dafa 
processing wifh fhe properfy of non-volafile sforage. The funcfionalify of all fhese 
devices depends crifically on fhe magnefic spin sfrucfure wifhin fhin films as if 
develops in exfernal magnefic fields. Wifh increasing complexify of novel mag- 
nefic nanosfrucfures fhere is a growing need for efficienf mefhods fo characferize 
their magnetic properties on the atomic scale. In recent years one could observe an 
impressive progress in the development of such methods. Scanning probe methods 
like magnetic force microscopy (MEM) [2] and spin-polarized scanning tunneling 
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microscopy (SP-STM) [3], for example, allow one to directly image the magnetic 
structure of surfaces. While these methods offer a spatial resolution down to the 
atomic level, they cannot access the magnetic stmcture of buried layers and inter- 
faces. This is the domain of scattering methods with polarization sensitive probes 
like photons [4] and neutrons [5] that penetrate into the sample. The availability 
of high-brilliance synchrotron radiation has recently opened new avenues for the 
application of X-ray scattering methods in this field [4]. If the X-ray energy is tuned 
to an electronic resonance of one of the constituting atomic species, these methods 
become element specific and fhe magnetic properties of individual layers can be 
probed, see, e.g., [6]. However, fhe scattering signal is derived from fhe whole layer 
and fhus infegrafes over fhe magnefic sfrucfure wifhin fhe layer. To some exfenf, 
fhe use of evanescenf waves in grazing incidence geomefry allows fo resfricf fhe 
probing depfh fo near-surface regions. Neverfheless, a direcf measuremenf of fhe 
depfh resolved magnefic spin sfrucfure is nof possible using fhis approach. Only 
special reconsfrucfion techniques may allow for an indirecf determination of depth 
resolved magnetic properties as demonstrated recently via polarized neutron scat- 
tering [7]. This problem can be overcome if the interaction of the probing particle 
with the sample exhibits isotopic sensitivity: Magnetic properties are studied with 
very high spatial resolution using ultrathin probe layers of a Mdssbauer isotope. 
This was successfully applied in a number of studies involving conversion elec- 
tron Mdssbauer spectroscopy [8-11]. While measurements of this kind are time 
consuming even with the use of strong radioactive sources, this technique has 
gained new momentum in recent years due to the availability of high-brilliance 
synchrotron radiation sources [12, 13]. 

In this article I will give examples of recent applications that demonstrate the 
potential of this method for the study of nanoscale magnetism. After an introduc- 
tion into the scattering basics I will show how ultrathin probe layers can be used 
to image the depth-dependent magnetic structure of exchange-coupled thin films. 
In a second example I will infroduce an algorifhm fo exfracf fhe magnetic sfrucfure 
function of nanoscale particles on surfaces from fhe measured dafa. 



2. Scattering basics 

Compared to classical Mdssbauer spectroscopy, nuclear resonant scattering of syn- 
chrotron radiation exhibits qualitatively new features. First of all, synchrotron ra- 
diation is complementary to a radioactive source because of its broad energy spec- 
tmm and its pulsed time structure. This suggests to perform hyperfine spectroscopy 
on a time scale rather than on an energy scale: The simultaneous excitation of the 
hyperfine-split nuclear energy levels by a pulse of synchrotron radiation leads to 
temporal beats in the evolution of the subsequent nuclear decay. The analysis of this 
beat pattern allows a precise determination of the magnitude and the orientation 
of magnetic fields in the sample, as will be shown below. Second, the measured 
signal results from coherent scattering rather than from incoherent absorption. 
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Therefore, relative phase factors between different nuclear sites may lead to diffrac- 
tion and other interference effects. Moreover, the brilliance of undulator radiation 
from modem synchrotron radiation source exceeds that of a radioactive source by 
several orders of magnitude. This makes this technique particularly suited for the 
investigation of low-dimensional systems like ultrathin films and nanostructures. 
It is a fortunate circumstance that the specular reflection from such systems at a 
grazing angle (p can be treated in the kinematical limit, i.e., the first-order Born 
approximation. In this case, the resonant reflectivity of a single resonant layer of 
thickness J on a substrate is given by [14]: 

R(m) ^ with fifw) = P./My(m), (2.1) 

koj 

j 



where the sum runs over all atomic species j in the sample with number densi- 
ties pj . The subscripts 0, 1 , and 2 label the vacuum, film and substrate, respectively. 
fi (co) is the 2x2 matrix of the nuclear forward scattering amplitude, as introduced 
below, fi is the corresponding scalar quantity for the nonresonant layer i. rjj and tjj 
are the Fresnel reflection and transmission coefficients for the boundary between 
the two media i and j, respectively. This means, the reflection from an ultrathin film 
can be treated like forward scattering with an “effective” thickness of d' = J|fo 2 p- 
The expression |ro 2 l^ is proportional to the intensity of the radiation field at the 
surface of the substrate. It assumes its maximum value at the critical angle (pc for 
electronic charge scattering. 

It is instructive to expand Equation (2.1) in powers of the unit vector m that 
defines the magnetic quantization axis of the atom in the sample. The resonant 
scattering length for an electric dipole transition can then be written as: 

[M(«)]^, = -Aj(e^.e„)[F+i + F_i] (2.2) 

- i(c^ X c,) • m[F+i - F_i] 

-I- ■ m){e^ ■ m)[2Fo - F+i - F_i]|, 

where and are the unit vectors of the orthogonal polarization basis chosen 
to describe the scattering process. The functions F^ = Fm(co) are the energy- 
dependent resonant strengths for dipole transitions with a change of M = nie — rUg 
in the magnetic quantum number: 



Fm(cv) = kJ2 



K = 



C"(/gl/,;m,M) 
h{o) — co„,iM) + iro/2 

"‘I 

'^'TtfiMf'o 



with 



koil+a){2Ig + f) 



(2.3) 



where the sum runs over all ground state levels with magnetic quantum numbers 
m,. The Cflglle', niiM) are the Clebsch-Gordan coefficients in the notation of 
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Figure 1. Left. The six dipole allowed transitions of the 14.4 keV resonance of ferromagnetic cf-^^Fe 
decompose into three different polarization characteristics. Their individual energy dependencies are 
given by the functions F_|_ i , Fg , and F_ \ , corresponding to left-circular, linear, and right-circular po- 
larization, respectively. Right. For selected orientations of the magnetic hyperfine field the scattering 
matrices f and the time spectra of nuclear resonant scattering from a 2 nm thick film of ^^Fe on a 
total reflecting surface are shown. The identical shape of the time spectra in B and C demonstrates 
that the spin structure of the sample cannot be determined from just a single measurement. 



Rose [15] that describe the relative strength of the transitions. The functions Fm{.(io) 
for M = —1, 0, +1 are shown in Figure 1. The energetic positions cUm, M of the 
resonance lines are determined by the magnetic hyperfine interaction, i.e., 

hcOiriiM = — (melXe — mgflgJB, (2.4) 

where B is the magnetic hyperfine field, and mg are fhe magnefic quanfum 
numbers of fhe ground and excited slate, respeclively, and /x^ and /Xg are fhe corre- 
sponding magnetic momenls. In case of a magnetic dipole Iransilion fhe role of fhe 
eleclric and magnetic fields of fhe eleclromagnelic wave are interchanged, i.e., one 
has lo Iransform fhe polarization vectors in Equation (2.2) according toe ^ e xko 
wilh ko = ko/ko. The temporal evolulion of fhe resonanlly scallered amplilude is 
oblained via Fourier Iransformalion of Equalion (2.1): 

R(t) = 8(t) - f(t)xe“^'/2^o wilh x = (2.5) 

4 (p 

where f(r) is fhe Fourier Iransform of f(cu), and oq is nuclear absorplion cross 
seclion al resonance. The quantify x describes fhe speedup of fhe nuclear decay 
lhal resulls from multiple scattering processes in fhe sample [16]. 

In fhe mosl common scattering geomelry fhe radialion is reflecled vertically, i.e., 
fhe sample plane coincides wilh fhe plane of fhe slorage ring which is fhe (ct , ^o) 
plane. Assuming no polarization analysis in fhe detection process, we oblain for 
the resonantly reflected intensity: 
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7(0 = |Rii|" + |Ri2|". (2.6) 

For some selected scattering geometries the matrices M((y) according to 
Equation (2.2) and the scattered intensities I{t) are shown in Figure 1. Very often, 
the shape anisotropy of thin films forces the magnetization, i.e., the local quantiza- 
tion axis m, into the film plane. Then the third term in Equation (2.2) vanishes, so 
that one obtains [14]: 

7(0 = {|F+i + F_ip + (4-/l)"|E+i (2.7) 

This means that only transitions with a change in the magnetic quantum number 
of M = ±1 can be excited. Although other kinds of anisotropies may overcome 
the shape anisotropy and force the magnetization out of plane [13], the examples 
to be discussed here will deal with in-plane magnetization. The quantity Jx is the 
magnetic structure function of the sample that is given by: 

/ix = with '^Pj = 1, \mj\ = l, and 0 ^ pj ^ 1, (2.8) 

j 

where the sum runs over all magnetic sublattices m j and the phase factor accounts 
for the position Rj of the atoms, q = k — k' is the momentum transfer in the 
scattering process. For specular reflection in grazing incidence geometry, ^ ~ 0 is 
a good approximation. 

The experiments described here were performed at the nuclear-resonance beam- 
line ID 18 of the ESRF [17]. Time spectra were recorded in the single-bunch filling 
mode of the storage ring. An energy bandwidth reduction to 6.5 meV by a high- 
resolution monochromator prevented the detector from being overloaded by the 
huge intensity of nonresonant photons. The samples were mounted on diffractome- 
ter stages to enable high-precision control of the angular adjustment. 



3. The magnetic structure of exchange-spring bilayers 

The exchange coupling between different magnetic materials plays an important 
role in many micromagnetic systems. Eor example, nanophase materials consisting 
of hard- and soft-magnetic phases are promising candidates for new magnetic ma- 
terials with very-high-energy products beyond 1 MJ/m^ [18]. Bilayers consisting 
of hard- and soft-magnetic thin films are ideal model systems to investigate the 
magnetic coupling between such phases. Such systems are characterized by a pin- 
ning of the soft-magnetic moments at the interface of the hard-magnetic film as a 
result of the exchange interaction. With increasing distance from the interface, the 
exchange coupling becomes weaker and the magnetization may rotate under the 
action of an external field. If, for example, the external field is applied orthogonal 
to the magnetization direction of the hard layer, the magnetic moments in the soft 
layer arrange in a spiral stmcture along the normal, as shown schematically in 
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Figure 2. Left. Scheme of the spin structure in an exchange- spring bilayer consisting of a 
soft-magnetic layer (Fe) on a hard-magnetic layer (FePt) with uniaxial anisotropy. An external field 
FI is applied perpendicular to the remanent magnetization M of the hard layer. Right. To image the 
resulting magnetic spiral, a tilted ultrathin probe layer of ^^Fe is deposited within the soft layer. The 
magnetic properties in depth D of the film are probed by adjusting the transverse coordinate Ax of 
the sample relative to the incident beam [23]. 

Figure 2. Due to the reversible nature of this rotation, this is called the exchange- 
spring effect [19]. While a number of micromagnetic models have been developed 
to described this behaviour [20-22], direct measurements of the magnetic structure 
of such systems have not been reported as of yet. In the experiment described 
here the depth dependent spin structure of exchange-coupled thin films is directly 
measured via the use of ultrathin probe layers. 

The sample was a bilayer consisting of 1 1 nm soft-magnetic Fe on 30 nm hard- 
magnetic FePt. To minimize oxidation of the Fe layer, it was coated with a 3 nm 
thick Ag layer. All layers were prepared by rf-magnetron sputtering in a high- 
vacuum system with a base pressure of 2 x 10“^ mbar. The preparation of the 
layer system and its characterization are described in [23]. To measure the depth 
dependence of the magnetization rotation, an ultrathin tilted probe layer of ^^Fe 
was deposited within the Fe layer, as shown in Figure 2. To map out the depth 
dependence of the rotation angle, the sample was displaced transversely to the in- 
cident beam. The FePt layer was magnetized remanently along the direction of the 
incident wave vector k^. Time spectra taken at various positions Ax are shown in 
Figure 3 for an external field of H = 160 mT. The characferisfic changes in fhe heal 
pattern reflecf fhe rofafion of fhe magnefizafion from an almosf parallel alignmenf 
af Ax = 0 mm fowards increasing perpendicular orienfafion wifh increasing Ax. 
From each of fhese specfra fhe rofafion angle </> of fhe magnefizafion, as defined in 
Figure 2, was deduced by a fif of Equafion (2.7) fo fhe dafa (solid lines). The resulf- 
ing depfh dependence of fhe rofafion angle is shown in Figure 3 for external fields 
of 160, 240 and 500 mT. Solid lines are simulations according fo a one-dimensional 
micromagnefic model as ouflined in [21], assuming fhe magnetic properties fo be 
homogeneous fhroughouf fhe Fe layer. However, close fo fhe Fe/Ag inlerface fhe 
simulafion clearly deviafes from fhe measured dafa. This can be explained by a 
reduction of fhe exchange consfanf in fhe firsf 3 nm of fhe Fe layer, mosf probably 
induced by diffusion of oxygen fhrough fhe Ag capping layer. The corresponding 
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Figure 3. Left: Measured time spectra of the sample shown in Figure 2 in a perpendicular magnetic 
field of 6 = 160 mT at various lateral positions Ax. From the theoretical simulation of the beat 
pattern the rotation angle f of the magnetization at the probe layer position was derived. This depen- 
dence is shown on the right side for various external fields. Solid lines are micromagnetic simulations 
assuming homogeneous magnetic properties in the Fe film. The deviations from the simulations near 
the Ag/Fe boundary are due to the formation of a native Fe oxide. Its relative fraction decreases with 
increasing depth, as shown in the upper graph [23]. Corresponding simulations are shown as dotted 
lines. 



micromagnetic simulations are shown as dotted lines in Figure 3. Details of the 
simulation can be found in [23]. 

The experiment greatly benefitted from a significant increase of the signal from 
the ^^Fe probe layer due to an X-ray interference effect: at certain angles of in- 
cidence between the critical angles of Fe and FePt, the Ag/Fe/FePt layer system 
acts as an X-ray waveguide [24] where the radiation is trapped inside the Fe layer. 
The superposition of waves that are multiply reflected at the Ag/Fe/FePt bound- 
aries leads to a significant X-ray flux enhancement inside the Fe layer. This effect 
yielded resonant (delayed) countrates of up to 100 s“\ so that time spectra with 
very good statistical quality could be obtained within a few minutes. Thus, the 
magnetic properties of such layer systems can be investigated systematically within 
comparatively short data acquisition times. 

The evaluation of the time spectra shown above was rather straightforward 
because the magnetization was unidirectional with a well-defined hyperfine field. 
Very often, however, the nuclei in the sample are subject to distributions of hy- 
perfine interaction parameters. This applies for the magnitude as well as for the 
direction of hyperfine fields. In the following, I want to discuss an example where 
the spin structure of the sample consists of more than one magnetic sublattice. 
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4. The spin structure of Fe islands on W(llO) 

Ultrathin Fe films on the W(llO) surface display a rich variety of magnetic phe- 
nomena due to the interplay of different types of magnetic anisotropies [25, 26]. 
In this experiment, single-crystalline, island-shaped Fe particles on a W(llO) sur- 
face were produced by deposition of Fe and subsequent annealing at 700 K under 
ultra-high vacuum conditions. The shape of the islands was analyzed by scanning 
tunneling microscopy (STM), as shown in Figure 4. After preparation, the islands 
were capped with an Ag film of about 2 nm to prevent oxidation of the Fe islands. 
The sample was illuminated at the critical angle of the W substrate where the 
delayed radiation assumed its maximum value, as shown in Figure 4. Figure 5 
shows a series of time spectra recorded at different azimuthal orientations of the 
sample relative to the incident wavevector. 

To avoid ambiguities in the determination of the spin structure it is necessary to 
record time spectra at various sample orientations. A close inspection of the time 
spectra reveals that they cannot be fitted under the assumption of a single magnetic 
sublattice. Since “guessing” the right spin stmcture can be a very tedious approach 
to solve this inversion problem, it is more desirable to do this in an algorithmic 
manner. In the following I will introduce an procedure to extract the magnetic 
structure function /x from the measured time spectra. This algorithm is based on a 
spectral analysis of the measured data. Previous attempts in this field [27-29] did 
not yield quantitative results, because the time spectra were strongly perturbed by 
effects of dynamical diffraction. On the other hand, if the scattering process can 
be treated in the kinematical limit, the beat pattern I{t) can be described by an 




nm 

Figure 4. Left'. Scanning tunneling microscopy image of Fe islands on W(llO). The islands were 
produced after deposition of about 5 monolayers of Fe and subsequent annealing for 10 min at 700 K. 
The elongated islands are aligned along the in-plane (001) direction. Right: Rocking curves of the 
resonant and nonresonant reflectivity of the sample. The resonant reflectivity peaks near the critical 
angle ipc.w of the W substrate [14]. 
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analytical expression, derived from Equation (2.7): 

I it) = e-^^/^o[G(O,O,f2i)(l + s2(0)) 

+ G(f2i + f22)(l - S\(j)))] (4.1) 

with = 0)4 — o)i and f ^2 = fc >3 — uJi, where the cu, are the frequencies of the 
resonance lines as defined in Figure 1. The function G is defined as: 

1 2 

G(ci , C 2 , C 3 ) = cos Cit + - cos C 2 ? + - cos C 3 t, (4.2) 

and the quantity 5(0) is given by: 

5(0) = ko ■ [D(0)/2] (4.3) 

with D(0) being the 2x2 rotation matrix that describes the azimuthal sample 
rotation. With the definitions ko = (1,0) and /x =: (m^, my), the function 5 is 
given according to Equation (4.3) by: 

5(0) = nijc COS0 + m,. sin0. (4.4) 



Since Equation (4.1) is a superposition of damped harmonic functions, its Four- 
ier transform is a superposition of Lorentzians L(f2, ) centered around frequencies 
with weight factors g(f 2 ,): 



I {CO) = j;]g(f2,)L(f2,) (4.5) 

i=0 

= (1 -I- 5^) (1 -h a^)L{^o) + 2a{\ + S^)L{ni) + 2a{\ - 5 ^)L(f 22 ) 

-h (1 - 5^)L(f23) -h a^(l - 5^)L(f24) 



with = 0, f ^3 = -h ^^ 2 , and — f^ 2 . This means, 5(0) can be 

determined from the weights of the Lorentzians L(f2i) and L(Q 2 ) as follows: 



5 = 



g(^i) - gj^i) 
g(^i) + 5(^2) 



(4.6) 



The right side of Figure 5 shows the Fourier transform of the measured time spec- 
tra. Four spectral components show up as clear peaks in the data at frequencies f2i, 
Qj, + ^ 2 ^ and — ^^ 2 . These frequencies already indicate that the magnetic 
moments of the Fe islands must be oriented in the plane of the sample. If out-of- 
plane components were present, additional frequency components would appear 
in the spectra. The solid lines represent a sum of Lorentzians that were fitted to 
the data. From the area of these Lorentzians the weights g(f2, ) were determined 
from which the quantity 5 was derived. The dependence of 5 on the azimuthal 
angle is shown in Figure 6 . A fit of Equation (4.4) to the measured data yields 
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Figure 5. Time spectra of nuclear resonant scattering from Ag-capped Fe islands on W(llO) for 
various azimuthal orientations. The solid lines are fits according to the theory outlined in the text. 
The right panel shows the Fourier transform of the measured time spectra to reveal the spectral 
components that contribute to the beat pattern. The solid lines are Lorentzian fits to the peaks. 




Figure 6. Measured values of the function 5(0), determined from evaluation of the time spectra 
shown in Figure 3. The solid line is a fit according to Equation (4.4), yielding nix = 0.77(3) and 
niy = 0.19(3). 

nix = 0.77(3) and m.y = 0.19(3). A reconstruction of the magnetic structure func- 
tion fl has to be guided by the conditions that are mentioned in Equation (2.8). This 
already excludes the magnetization of the Fe islands to be simply unidirectional 
(i.e., a single magnetic sublattice), because < 1. The next-higher degree 

of complexity is the assumption of two magnetic sublattices. In fact, this leads to 
the following reconstruction: 

/X = 0.8m[ooi] + 0.2mjj jQj, (4.7) 

where M[ooi] and m^iYo] are unit vectors along the in-plane [001] and [1 10] di- 
rections, respectively. Although this is not a unique reconstruction, it is the most 
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meaningful one, because the elongated shape of the large islands certainly forces 
the largest part of the magnetization into the [00 1] direction [14]. This particular 
magnetic structure is most probably the result of an interplay between shape- and 
surface anisotropies in the system. While the shape anisotropy forces the mag- 
netization into the in-plane [001] direction, the surface anisotropy favours the 
in-plane [1 1 0] direction. These contributions, however, are dependent on the size 
of the islands, so that the dominant contribution for the small islands is the surface 
anisotropy. It can thus be concluded that the Fe islands are laterally separated, 
single magnetic domains, oriented along two orthogonal in-plane directions. 

5. Conclusion and outlook 

The magnetic structure of exchange-coupled thin films and separated islands was 
determined by nuclear resonant scattering of synchrotron radiation. Due to the very 
high brilliance of modern synchrotron radiation sources, the method is sensitive 
to coverages in the sub-monolayer regime. This opens unique applications in the 
field of nanoscale magnefism: In combination wifh ofher X-ray scaffering mefhods, 
fhe relafion befween sfrucfural properfies and fhe magnetic behaviour of deposited 
clusfers can be explored. Moreover, due fo fhe isotopic selecfivify of fhe scaf- 
fering process, magnetic properties can be determined wifh atomic resolufion by 
selectively doping fhe sample wifh fhe Mbssbauer nuclei [9]. Anofher promising 
application is fhe determination of internal magnefic fields in oriented biomole- 
cules on surfaces and ofher magnefic nanosfrucfures fhaf are considered as fufure 
magnefic storage devices. Moreover, fhis scaffering technique can be extended fo 
ofher Mbssbauer isofopes fhaf are consfifuenfs of modern magnefic maferials. 
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Abstract. Synchrotron Mossbauer Reflectometry (SMR), the grazing incidence nuclear resonant 
scattering of synchrotron radiation, can be applied to perform depth-selective phase analysis and to 
determine the isotopic and magnetic structure of thin films and multilayers. Principles and method- 
ological aspects of SMR are briefly reviewed. Off-specular SMR provides information from the 
lateral structure of multilayers. In anti-ferromagneticly coupled systems the size of magnetic domains 
can be measured. 

Key words: Mossbauer reflectometry, magnetic multilayers, off-specular scattering, antiferromag- 
netic domains, anisotropic optics. 



1. Introduction 

Although features of nuclear resonant scattering (NRS) of thin films were real- 
ized and dealt with from the early 60s [1], it has only been recently that the high 
brilliance and high degree of polarization of synchrotron radiation (SR), monochro- 
mator and detector techniques at 3rd generation sources allowed NRS to develop 
into a spectroscopic method in surface and thin film magnetism. Eor brevify, we 
call NRS of SR on fhin films Synchrofron Mossbauer Reflecfomefry (SMR). SMR 
combines fhe sensifivify of Mossbauer specfroscopy fo hyperfine inferacfions wifh 
fhe depfh information yielded by reflecfomefry. SMR is esfablished in fhe time 
and angular regime. Time differenlial (TD) SMR gives local (beating due fo hy- 
perfine inferacfion) informafion af a given incidence angle, time infegral (TI) SMR 
gives an integral hyperfine inferacfion depfh profile and supersfrucfure informafion. 
Off-specular scallering and incoherenf scaffering offer novel applicafions. 

The general descripfion of specular reflecfion of grazing incidence Mossbauer 
radiation was given by Hannon et al. [2-5]. Sfarfing from fhe quanfum fheory of 
y-radiafion, they formulated the dynamic theory of Mossbauer optics. Unfortu- 
nately, the dynamic theory provides rather slow algorithms for calculating reflectiv- 
ity spectra; therefore, it is less efficient in spectrum fitting. In the grazing incidence 
limit, an optical model was derived from the dynamical theory [3, 5], which has 
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been implemented in numerical calculations [6]. As it was shown later [7], this 
optical method is equivalent to that of Ref. [8]. 

The rigorous derivation of the general formulae for the transmissivity and the 
reflectivity of y -radiation in the forward scattering and the grazing incidence case, 
respectively, were given by Deak et al. [8]. Like in Refs. [9-12], the Afanas’ev- 
Kagan nucleon current density expression of the dielectric tensor [13] and the 
covariant anisotropic optical formalism [14] were used. Instead of calculating the 
susceptibility tensor x from the current densities of the nucleons, however, the 
problem was reduced to the calculation of the coherent forward scattering ampli- 
tude /. In the case of forward scattering, this general approach led to the theory 
of Blume and Kistner [15]. Using no intuitive pre-assumptions. Ref. [8] represents 
a firm basis of the Blume-Kistner theory [15] and of the Andreeva approxima- 
tion [9-12]. The obtained reflectivity formulae in [8] are also suitable for fast 
numerical calculations in order to actually yit the experimental data [7]. 

The first successful grazing incidence NRS experiment with SR was performed 
by Grote et al. [16] in 1991. Chumakov et al. observed a pure nuclear reflection 
of SR from an isotopically periodic ^^Fe/Sc/^^Fe/Sc multilayer [17]. Alp et al. 
reported on the observation of nuclear resonant specular reflection with "®Sn reso- 
nance [18]. An important step towards the realization of SMR was the observation 
of the total reflection peak [19, 20], i.e. the high number of delayed photons ap- 
pearing close to the critical angle of the electronic reflectivity. The first SMR exper- 
iment aiming at the study of the magnetic structure of an anti-ferromagnetic (AF) 
^^Fe/Cr multilayer was done by Toellner et al. [21]. The last years saw an increas- 
ing number of SMR experiments as a standard method for studying multilayers and 
thin films [22, 23]. 



2. Principles of specular SMR 

In NRS of SR the low-lying levels of an ensemble of identical nuclei are coherently 
excited by the synchrotron radiation pulse. Since the levels are, as a rule, split by 
hyperfine interactions, the spatial and temporal coherence of the scattering results 
in characteristic patterns both of the angular distribution and the time evolution 
of the scattered radiation, which bear simultaneous and correlated information 
about topology and internal fields in the sample under study. SR is scattered both 
by nuclei and by electrons and these two processes interfere with each other, as 
well. Conventional Mbssbauer spectroscopy and NRS of SR, although delivering 
similar information on hyperfine interaction and lattice dynamics, are complemen- 
tary rather than equivalent to each other. The principal difference is that when 
the energy spectrum is scanned by the Doppler-shifted radiation of a y -source, 
the recorded signal presents the incoherent sum of the spectral components of the 
transmitted radiation. In case of time domain NRS of SR, however, the response is 
formed by the coherent sum of the spectral components of the scattered radiation. 
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The specular SMR measurement is performed in 9-26 geometry, in either time 
integral (TISMR) or time differential regime (TDSMR). TISMR means recording 
the total number of delayed photons from t\ to as a function of 6. The time ti is 
a few nanoseconds and is determined by the bunch quality of the radiation source 
and by the dead time of the detector and the electronics, ?2 is a value somewhat 
below the bunch repetition time of the storage ring. As a rule, a 6-29 scan of 
the prompt photons (conventionally called X-ray reflectometry) is recorded along 
with a delayed time integral SMR scan. TDSMR is a time response measurement 
in a fixed 6-26 geometry performed at different values of 6. Like in the forward 
scattering case, hyperfine interaction results in quantum beats of the time response. 
The first step of an SMR measurement is usually to take a TISMR scan to select 
6 values of high enough delayed count rates at which TDSMR measurements can 
be performed. These regions are found near the total reflection peak [19, 20] and, 
in case of electronic or nuclear periodicity, near the electronic or nuclear Bragg 
reflections. A full SMR measurement consists of a prompt, a delayed time integral 
specular reflectivity scan, and a set of time response reflectivity measurements of 
the delayed photons. To extract the depth profile of hyperfine inferacfions wifh 
confidence, all fhese dafa should be evaluated simultaneously. If a full SMR mea- 
suremenf is nol feasible for intensify reasons, a TISMR scan may still confain 
valuable informalion on fhe strucfure of fhe fhin film. 

Giving qualifafive picfure from fhe mefhod we show a simple example on Fig- 
ure 1, fhe simulation of a hypofhefical fwo-dimensional energy-domain reflecfivify 
specfrum of [^^Fe(3.0 nm)/^^Fe(1.5 nm)]io isolope periodical multilayer on glass 
as subslrale. 

Mbssbauer refleclomelry (MR) is a unification of refleclomelry and Mbssbauer 
speclroscopy. Indeed, faking fhe cross-seclions al a fixed energies E on Figure 1 , 
we gel refleclomelry speclra, as shown on Figure 2. For fhe given energies E 
having fhe index of reflection n from fhe expression of Lax [24] and using fhe op- 




Figure 1. Energy-domain reflectivity of ^^Fe/^^Fe multilayer. 
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Figure 2. Reflectivity curves at resonance {E = 3.072 mm/s, dashed line) and off resonance dX E = 
25 mm/s (solid line). 




Eigure 3. Mdssbauer spectrum at the Bragg position (9 — 10.123 mrad). 



tical picture [6, 8], reflectometry spectra can be calculated as generalized Fresnel- 
formulae [6, 8]. Because of the isotopic periodicity we have a Bragg -peak at 9 = 
10.123 mrad on Figures 1 and 2 for energies near the resonance. However, far 
from the resonances, only the electronic scattering has considerable probability, 
so the spectrum is the X-ray reflectivity curve. From point of view of electronic 
scattering, the isotopic structure does not give any contrast, and the Bragg-peak 
disappears. On the other hand, taking the cross-sections at fixed grazing angles 
9 we get the energy dependent Mdssbauer spectra (Figure 3). In the model, the 
hyperfine field was parallel to the surface of the multilayer and transversal electric, 
viz- cr -polarized, incident beam was assumed. In this special case there are only 
two Mdssbauer lines at E = ±3.072 mm/s. The broadening and asymmetry of the 
individual lines are caused by the multiple scattering and the strong dispersion near 
the nuclear resonance; furthermore the asymmetry between the lines are caused by 
the electronic scattering. 

Using SR as source, the simultaneous broadband coherent excitation results in 
time-domain SMR spectra, those are the Fourier-transformed reflectivity curves 
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t(ns) 

Figure 5. Experimental and theoretical TDSMR spectra of an ^^Fe/^^Fe multilayer at6 — 3.67 mrad 
(near the critical angle) (a) and aid — 10.123 mrad (Bragg position) (b). 



of the complex energy-domain, as shown on Figure 4. The TDSMR spectra, we 
measure (Figure 5), are the cross-sections at a fixed grazing angle 9 of the two- 
dimensional surface in Figure 4. TISMR means integration of the TDSMR spectra 
from ti to t 2 as a function of 9, where t\ and (2 define fix time inferval (Figure 6), 
as if was explained in fhe previous paragraph. 

On fhe TISMR specfrum (Figure 6) we also see fhe Bragg peak (9 = 9 mrad) 
[25] and an addifional peak af fhe crifical angle, 9 = 3.67 mrad, fhis latter being 
fhe inlerference effecl of fhe elecfronic and nuclear scattering of phofons [19, 20]. 
There is no Bragg peak on fhe X-ray reflecfivify curve (Figure 6), as if was ex- 
plained earlier. 
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Figure 6. Non-resonant X-ray reflectivity (a) and TISMR (b) spectra of an ^^Fe/^^Fe muitiiayer. 



3. Off-specular SMR 

The specularly reflected radiation from layered systems does not depend on the 
lateral structure; it depends only on the lateral averages of material parameters [24, 
26]. For studying lateral inhomogeneities, such as magnetic domains, etc., one can 
apply off-specular reflectometry. One possibility for off-specular reflectometry is 
the geometry called “ru-scan”, where we fix the value of 20 (i.e. the detector) and 
vary the sample orientation u> (leaving the constraint of specular reflection co = ©). 

Starting from the general theory of Lax [24] the off-specular intensity /off can be 
expressed by the Fourier transformed depth profile of the coherent field inside the 
layers T (k'j^) (k'j^ is the perpendicular component of the momentum of the scattered 
wave) and by the lateral Fourier transformation of the autocorrelation function of 
susceptibilities C(Kn) (Kn being the later component of the momentum transfer 
vector) 



/off (X Tr[r+(kl)C(Kn)r(kl)pJ, 



where p is the polarization density matrix of the incident radiation [27]. As 0th 
approximation we may assume that the autocorrelation function is exponential and 
so /off oc C (Kfi) is Lorentzian [27]. It follows that the correlation length is inversely 
proportional to the widths of the Lorentzian. 

Figure 7 shows the off-specular X-ray reflectometry (“prompt”) and off-specular 
SMR (“delayed”) measurements on MgO(001)[^^Fe(26 A)/Cr(13 A)] 2 o AF mul- 
tilayer at the AF-Bragg position. The X-ray cu-scan resulted in a narrow line, 
indicating that there were no structural inhomogeneities in the lateral direction, 
additionally the wide Lorentzian on the delayed cu-scan shows the lateral inhomo- 
geneity in the hyperfine magnetic field as a result of the magnetic domains. From 
the Lorentzian fit (solid line in Figure 7) we get 0.8 /xm average domain size. 
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Figure 7. Prompt and delayed off-specular scans on MgO(001)[^^Fe(26 A)/Cr(13 A)] 2 o AF 
multilayer at the AF-Bragg position. The solid line shows the Lorentzian fit. 



4. Conclusion 

A short overview of specular and off-specular SMR was given. Off-specular SMR 
is sensitive to the lateral structure of the hyperfine fields, so it can be used for 
studying magnetic domains in multilayers. Using the method we found 0.8 /xm 
average domain size in a MgO(001)[^^Fe(26 A)/Cr(13 A)] 2 o AF multilayer. The 
off-specular data evaluation will be soon available in EFFl (Environment For Fit- 
ting). 

Because of the underlying common optical approach the same theory can be ap- 
plied for SMR, X-ray reflectometry, spin polarized neutron reflectometry [26] and 
X-ray resonance exchange scattering [28, 29] for both specular and off-specular 
reflexion. The computer program EFFl based on fhis calculus is freely available 
[7, 30]. 
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Abstract. The giant magnetoresistance (GMR) effect was an epoch-making discovery in the field 
of magnetic materials research. In this article, studies on magnetic multilayered systems relating to 
GMR are briefly surveyed and the role of interlayer coupling in GMR phenomena is argued. The 
usefulness of Mossbauer spectroscopy as a tool to investigate GMR systems is introduced. Although 
the GMR effect was observed for the first time in Fe/Cr multilayers, magnetic properties of ultrathin 
Cr layers were not well known until quite recently. Magnetic behaviors of multilayers including ul- 
trathin Cr layers have been investigated from ' '^Sn Mossbauer spectroscopy and neutron diffraction. 
In Cr/Sn multilayers, it was found that the spin-density-wave structure of Cr layer is systematically 
modified by the insertion of monatomic Sn layers. 

Key words: GMR, interlayer coupling, Mossbauer spectroscopy, hyperfine field, ultrathin Cr layers. 



1. Introduction for the GMR effect 

Griinberg et al. have investigated magnetic behaviors of Fe/Cr/Fe trilayer system 
and found that an interlayer exchange coupling exists between Fe layers across an 
intervening Cr layer [1]. The coupling strength becomes rather strong when the 
Cr thickness is around 10 A. In order to study the features of interlayer coupling 
in more details, Baibich et al. prepared Fe/Cr multilayers with various artificial 
periodicities. Each Fe layer is an independent ferromagnet but, because of the 
antiferromagnetic interlayer coupling, magnetizations in adjacent layers are ori- 
ented antiparallel. By applying strong external fields, Fe layer magnefizafions are 
orienfed parallel and, associating wifh fhe magnetic reorienfafion, fhe elecfric re- 
sisfance was found fo be reduced drastically. Thai is fhe gianl magneloresislance 
(GMR) effecl discovered in 1988 [2] (Figures 1(a) and 2(a)). The decrease of 
resislance al low lemperalure by applying an external field, 2 T, has reached lo 
be almosl 50% in [Fe(30 A)/Cr(9 A)] x60. Even al room lemperalure, Ihe decrease 
of magneloresislance (MR) was aboul 17%, which is much larger lhan Ihe con- 
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Figure 1. Examples of the GMR effect. Magnetization and magnetoresistance curves are shown for 
(a) Fe/Cr multilayers at 4.2 K [2], and (b) non-coupled Co/Cu/NiFe/Cu multilayers at 300 K [3]. 
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Figure 2. Schematic illustration of multilayered structures for the GMR effect; (a) coupled multilay- 
ers, (b) non-coupled multilayers, and (c), (d) spin valves. 



ventional anisotropic magnetoresistance effect (AMR). The novel MR effect has 
attracted great attention from both fundamental and technical aspects. 

By the discovery of GMR, two major issues have been raised up, spin-dependent 
scattering and interlayer coupling. In the argument of transport phenomena in gen- 
eral, it was not necessary to pay attention to the spin polarization of conduction 
electrons. Magnetic structures of normal magnetic materials are so rigid and cannot 
be converted for instance from antiferromagnetic to ferromagnetic. On the other 
hand, the magnetic structure of multilayers with moderate interlayer couplings 
can be varied from antiparallel to parallel alignments rather easily. Because of 
the spin dependent scattering, the resistance in an antiferromagnetic configuration 
becomes much higher than that in a ferromagnetic one. The large MR effect caused 
by the spin-dependent scattering is very attractive for technical applications, such 
as magnetic recording heads. However, if the external field fo induce fhe magnetic 
strucfural change is too high, fhe field sensifivify of MR becomes very low and fhen 
fhe possibilifies for fechnical applications would be very limifed. Sooner or lafer, 
non-coupled fype GMR sysfems were found fo depend sensifively on exfemal fields 
and fhe pofenfial of GMR for fechnical applicafions is revealed [3] (Figures 1(b) 
and 2(b)). 

Alfhough fhe GMR was discovered because of fhe exisfence of inferlayer cou- 
pling, fechnical applicafions require fo suppress fhe inferlayer coupling fo be negli- 
gible. The firsf commercial producf of magnetic recording head using GMR princi- 
ple has been achieved in fhe fhree-layer form, ferromagnet/Cu/ferromagnef, called 
fhe spin-valve sysfem [4] (Figure 2(c)). For fhe spacer maferial, Cu has been se- 
lecfed and if has been verified fhaf a Cu layer wifh only 20 A in fhickness is 
enough fo insulafe fhe inferlayer coupling. Two kinds of magnefic layers, “free” 
and “pinned” layers, are included in fhe sfrucfure. The pinned layer musf be mag- 
netically hard, having a high coercive force. In order to enhance fhe coercive force, 
fhe ferromagnetic layer is in confacf wifh an anliferromagnelic layer. Due fo fhe 
coupling wifh an anliferromagnel, fhe coercive force of fhe pinned layer is greafly 
enhanced. Alfhough fhe spin-valve sysfem has sfarfed wifh fhe simple fhree-layer 
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Structure, in order to improve the function, lately proposed are spin-valve struc- 
tures including more than 10 layers (Figure 2(d)). It is interesting to point out that 
the interlayer coupling is playing an important role in these spin-valve structures. 
An artificial antiferromagnetic layer is synthesized as a form of Co/Ru/Co layer. 
Since the antiferromagnetic interlayer coupling is very strong, Co/Ru/Co behaves 
as an antiferromagnet, having better qualities than conventional antiferromagnetic 
materials. Thus, the interlayer coupling is utilized in the spin-valve systems, not as 
a spacer layer but for a pinned layer. 



2. Role of interlayer coupling in GMR phenomena 

After the discovery of the GMR effect in Fe/Cr system, MR properties have been 
investigated extensively for many multilayered systems consisting of magnetic and 
non-magnetic layers and similar GMR phenomena as those of Fe/Cr multilayers 
were observed in many multilayered systems. A typical example, exhibiting the 
largest MR ratios, is Co/Cu multilayers. Although Cu is a typical non-magnetic 
noble metal, an interlayer coupling is working between ferromagnetic layers sepa- 
rated by a Cu layer. The coupling through a Cu layer is in general smaller than that 
through a Cr layer, but if the Cu layer thickness is appropriate, the interlayer cou- 
pling strength is large enough to realize antiparallel magnetization arrangements 
and eventually a large MR effect occurs. 

A fascinating discovery was the oscillatory dependence of the interlayer cou- 
pling on the spacer layer thickness and therefore the large MR effect appears 
at specific layer thicknesses of the non-magnetic spacer layer [5]. Concentrated 
studies on interlayer couplings have been carried out and it was found to be rather 
general that the interlayer coupling oscillatorily depends on the spacer layer thick- 
ness. This phenomenon suggests quantum well formations of conduction electrons 
in non-magnetic spacer layers and the oscillation period was interpreted as ex- 
pected from the Fermi surface topology of the spacer metal. At least in noble 
metals, if the thickness is not less than 10 A, the band structure of a thin layer is not 
greatly modified but is rather close to that of the bulk state. The understanding of 
electronic structures in metallic ultrathin layers has been considerably progressed 
by studying the role of the spacer layers in the GMR systems. 

The existence of interlayer coupling indicates that there are magnetically polar- 
ized electrons in the spacer layer, although the material of the spacer is intrinsically 
non-magnetic. There have been several studies on the spin polarization by scanning 
electron microscopy and other techniques in vacuum atmosphere and oscillatory 
features were observed as a function of layer thickness, for example, for Cr [6]. 
However, a direct observation of polarized spins in buried spacer layers is very 
difficult and therefore the spatial distribution of spins or the energy dependence 
of spin polarization, for instance, cannot be studied. A magnetization caused by 
the spin polarizations in a non-magnetic spacer layer is too small to measure by 
conventional techniques. Particularly, because a non-magnetic spacer layer is sand- 
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wiched in between two ferromagnetic layers, it is practically impossible to estimate 
the static magnetization caused by the conduction electron spin polarization in a 
non-magnetic spacer layer. The feasibility of Mbssbauer spectroscopy as a tool to 
study the spin polarization in a non-magnetic layer is argued in the next chapter. 



3. Mossbauer spectroscopy for magnetic multilayer studies 

3.1. MOSSBAUER SPECTROSCOPIC STUDIES 

Mbssbauer spectra are easily obtained as long as a Mbssbauer isotope is included 
in a sample, and furnish various kinds of information. If a sample does not in- 
clude a Mbssbauer isotope, a doping with an appropriate isotope is required for 
the measurements. If the doping can be done depth-selectively, unique information 
will be obtained from the Mbssbauer spectra. For example, the results on Co/Ru 
measured by Hamada [7] are reproduced in Figure 3. Co/Ru multilayer systems 
are known to exhibit a large interlayer coupling [8]. In order to apply ^^Fe Mbss- 
bauer spectroscopy, where ^^Fe is the most convenient Mbssbauer isotope, ^^Fe 
probing layers were introduced in Co/Ru multilayers. The thickness of ^^Fe layers 
was nominally 1 A, roughly corresponding to one monolayer. For the study of 
chemical and magnetic interface profile of the ferromagnetic Co layer with the 
thickness of 20 A, ^^Fe layer (1 A) was deposited on the bottom interface of 
Co layer contacting with Ru layer, and at the distance of 2 A from the bottom 
interface. Namely, in the second sample, Co(2 A), ^^Fe(l A), Co(18 A), and then 
Ru(15 A) were successively deposited (Figure 3(b)). The Mbssbauer absorption 
spectra at room temperature for the two samples are shown in Figure 3(a). Both 



(a) (b) (c) 




Figure 3. (a) Mossbauer spectra at 300 K for (i) [Co(2 A)/^^Fe(I A)/Co(I8 A)/Ru(I5 A)]xn 
and (ii) [Co(20 A)/5'^Fe(I A)/Ru(15 A)]xn. (b) Positions of ^'^Fe probes (I A) in a Co/Ru 
multilayered structure, (c) ^^Fe spectra at 300 K at various positions in a Ru(8 A) layer 
sandwiched in between Co(20 A) layers. The nominal structures of the samples are (i) 
[Co(20 A)/Ru( 6 A)/5^Fe(l A)/Ru(2 A)]xn, (ii) [Co(20 A)/Ru(4 A)/5^Fe(l A)/Ru(4 A)]x«, and 
(ii) [Co(20 A)/Ru( 2 A)/^’'Fe(l A)/Ru(6 A)]xn. 
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are consisting basically of 6-line spectrum indicating the existence of magnetic 
order but the profiles are considerably different. In both spectra, the intensities of 
the No. 2 and 5 lines among 6 are stronger, showing that the preferred orientation 
of the magnetization is in the film plane. The difference of fhe profile in fhese 
specfra means fhaf fhe Mbssbauer specfroscopy has a good sensifivify fo sfudy fhe 
interface. The specfrum for fhe bottom interface (Figure 3(a)(ii)) is very broad be- 
cause of fhe hyperfine field disfribufion. In fhe bottom interface layer, fhere should 
be large variations in fhe local afomic arrangemenf. The hyperfine field af ^^Fe 
greafly depends on fhe local arrangemenf, i.e., fhe numbers of Ru, Co and Fe atoms 
occupying fhe nearesf neighbor sites. If is noted fhaf a minor porfion shows a sharp 
6-Iines wifh fhe same hyperfine field as fhaf of Figure 3(a)(i). The nominal depfh 
for ^^Fe probes in Figure 3(a)(i) is 2-3 A from fhe inlerface confacfing wifh Ru, 
namely corresponding to fhe second or fhird afom layer. The resulf indicates fhaf 
fhe hyperfine field disfribufion is very broad af fhe boffom interface layer, buf al- 
mosf no disfribufion exisfs in fhe second layer, so fhaf if is concluded fhaf almosf all 
the nearest neighbors surrounding a ^^Fe atom are Co at the nominal depth of 2 A. 

In the spectrum of Figure 3(a)(i), non-magnetic fraction is negligible. As shown 
in Figure 3(c), ^^Fe atoms diffused into Ru should show single line spectra with no 
hyperfine spliffing. The absence of non-magnefic fracfion cerfifies fhaf fhe diffusion 
of Fe atoms info Ru layer does nol occur. Af fhe ferromagnet/Ru inlerfaces in fhe 
presenf sample, fhe effecl of Ru on fhe ^^Fe hyperfine field is visible only af fhe 
bottom interface layer (Figure 3(a)(ii)) and acfually no influence of Ru is observed 
af fhe second afom layer (Figure 3(a)(i)). This resulf means fhaf fhe compositional 
profile sharply changes af fhe interface and fhe mufual mixing befween Ru and Co 
(or Fe) is very limited. If such a model sample as shown here, wifh ^^Fe doping lay- 
ers, is available, an interface chemical profile is able fo measure and informalion on 
an afomic scale is furnished. However, if is difficull to measure infrinsic fransporf 
properties using such model samples wifh doped atoms and Iherefore fhe relation 
befween spin-dependenf scaffering probabilify and inferface roughness cannof be 
sysfemafically sfudied. 

Mbssbauer specfra for Co/Ru mulfilayers wifh ^^Fe probe layers (1 A) inserted 
af various posifions in Ru spacer layers, are shown in Figure 3(c). Each specfrum 
is a broad asymmefric single line, suggesting fhaf fhe hyperfine field is very small. 
The small hyperfine field means fhaf fhe local magnetic momenf of Fe is acfually 
zero. This resulf seems fo be reasonable since Fe afoms in usual bulk Fe-Ru alloys 
with hexagonal structures lose the local magnetic moment. However, in the present 
case, the Ru layer is very thin (8 A in total) and the distance from a ferromagnetic 
Co(Fe) layer to ^^Fe probes is smaller than the Ru layer thickness. Furthermore, in 
a Ru layer, there exists a definite conduction electron spin polarization, which is 
indicated from the strong interlayer coupling across a Ru layer. Therefore, it could 
not be straightforwardly expected that Fe atoms in an ultrathin Ru layer sandwiched 
in between ferromagnetic layers lose their local magnetic moments. 
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Usually Fe atoms are strongly ferromagnetic and therefore ^^Fe is not a suitable 
probe to investigate magnetic properties of non-magnetic layers. Intrinsic magnetic 
properties will be greatly disturbed by the doping with magnetic Fe probes. It is 
rather unique that Fe atoms in Ru layers lose local magnetic moments and can 
be used as a non-magnetic probe to study the properties of non-magnetic layers 
(Ru). For the spectra in Figure 3(c), the observed hyperfine field estimated from 
the overall line width is around 1 T. This result confirms that no local magnetic 
moment exists at an Fe atom in a Ru layer with 8 A thickness. At the same time 
it is suggested that the hyperfine field caused by the conduction electron spin 
polarization is fairly small (less than 1 T). The three spectra in Figure 3(c) have 
similar line profiles and similar distributions of hyperfine field. A slight difference 
is the asymmetry of the spectrum. The hyperfine fields are too small to derive a 
reasonable result in the deconvolution of the spectra. In addition, there might exist 
some quadrupole interaction, which can also be an origin of asymmetric broad line 
profile, and therefore further analyses on the line profile cannot make sense. 



3.2. "^Sn MOSSBAUER SPECTROSCOPIC STUDIES 

Usually ^^Fe atoms have their own magnetic moments and are not appropriate 
probes to study the magnetic behaviors of non-magnetic layers. For the study of 
non-magnetic spacer layers, a non-magnetic Mdssbauer isotope is appropriate as a 
probe. The authors’ group has carried out some magnetic multilayer studies using 
'®^Au and "^Sn probes. '^^Au Mdssbauer measurements have been performed by 
Kobayashi et al. for the multilayered samples consisting of Au and ferromagnetic 
elements with various layer thicknesses [9]. In summary, a sizable hyperfine split- 
ting, whose hyperfine fields depend on the ferromagnetic species, Fe, Co or Ni, has 
been observed only in the vicinity of interface, within a few atom layers from the 
ferromagnetic layer. When the distance is larger, the hyperfine field is almost neg- 
ligible. Appreciable hyperfine fields exist only on the sites directly contacting with 
ferromagnetic layers. Thus, the hyperfine fields on the Au nuclear sites caused by 
conduction electron polarizations were concluded to be very small. It is impossible 
to develop the argument on the spatial distribution of spin polarization from the 
analysis of hyperfine field. 

Similar studies were performed also using "^Sn probes. Several studies have 
been carried out by preparing multilayered samples including "^Sn monolayers 
in the non-magnetic layers. In contrast to the case of '^^Au, the ^^^Sn probes 
have a merit in selecting the positions (depth-selectively). If the impurity effect 
caused by the insertion of Sn layer is not serious, the spin polarization is able to be 
measured as a function of the distance from the interface. According to the spectra 
so far measured [10], the results are more or less similar to the results from ^®^Au 
probes. Large hyperfine fields are observed when the probes are located close to 
the ferromagnetic layer, and decrease monotonously as the position goes farther 
from the interface. Figure 4 shows examples of "^Sn spectra for Fe/Au, Fe/Ag, 
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Figure 4. Mossbauer spectra at 300 K by absorption geometry for [Fe(20 A)/Au(20 A)/ 

Sn(1.5 A)/Au(20 A)]xn and [Fe(20 A)/Ag(20 A)/Sn(1.5 A)/Ag(20 A)]xn, and spectrum by emis- 
sion geometry for [Fe(10 A)/Cr(20 A)/Sn(2 A)/Cr(20 A)]xn. The spectrum by emission geometry 
has a mirror image structure of absorption one. The meaning of the hyperfine structure of the 
spectrum is the same in both geometries. 




and Fe/Cr multilayers. Figures 4(a) and 4(b) correspond to the spectra for ^^®Sn at 
the center of Au(40 A) or Ag(40 A) layers. The spectra indicate that the hyperfine 
field for the most part is actually zero. The hyperfine field caused by conduction 
spin polarizations is very small at 20 A from the interface in these samples. From 
the line profile, if is suggesfed fhaf a minor fraction has some hyperfine field. How- 
ever, fhe hyperfine field is too small and the distribution is too broad to analyze 
quantitatively. Although the measurements for other samples with different depths 
also have been carried out, obtained spectra had similar profiles. Thus if is nof yet 
successful to speculate the oscillatory spatial distribution of spin polarization in a 
non-magnetic layer from the analysis of Mossbauer spectra. 

On the other hand, in Figure 4(c), a spectrum for "^Sn located at the center 
of Cr(40 A) layers in Fe/Cr multilayers is shown, which has a definite magnetic 
hyperfine splitting in contrast to the results in Figures 4(a) and 4(b). This is an 
undoubted evidence of the magnetic ordering in Cr layers, and at the same time, 
the usefulness of ^^^Sn Mossbauer spectroscopy for the study of ultrathin Cr layers 
is revealed. 



4. Magnetism of Cr/Sn multilayers 

Grunberg et al. initiated the Fe/Cr/Fe trilayer studies, having an interest on the mag- 
netic behavior of ultrathin Cr layers. As was mentioned already, the GMR effect 
was observed in Fe/Cr multilayers where the interlayer coupling exists between 
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Fe layers separated by a Cr layer. Similar interlayer couplings were also found in 
many non-magnetic spacer metal layers and the mechanism of coupling through a 
non-magnetic layer was more or less understood. However, the role of Cr’s own 
magnetic order has not been clear for a rather long time. The Neel temperature 
of Cr metal was a source of confusion. Since the Neel temperature of a bulk Cr 
metal (311 K) is near room temperature, Cr layers were regarded as non-magnetic 
in the arguments at the initial stage. However, the existence of antiferromagnetic 
order in thin Cr layers was observed in gamma-ray perturbed angular correlation 
studies using Cd probes for Cr layers thicker than 60 A [11] and in the neutron 
diffraction studies even for thinner Cr layers [12, 13]. These results suggest that 
the Neel temperature of Cr films can be higher than the bulk value and pieces of 
information on the magnetism of ultrathin Cr layers, especially in the situation 
sandwiched in between ferromagnetic Fe layers, are of great importance. In order 
to use '^^Sn Mbssbauer spectroscopy as a tool to investigate magnetic properties 
of Cr layers, "^Sn probe layers with the nominal thickness of 2 A were inserted in 
ultrathin Cr layers. 

Antiferromagnetic properties of bulk Cr metal were studied using "^Sn Mbss- 
bauer spectroscopy by Dubiel [14]. He observed that the hyperfine fields af Sn 
probes dissolved in a Cr mafrix were greafly disfribufed, fypically from 0 fo 8 T. 
This resulf is reasonable if fhe Cr magnetic sfrucfure is a spin-densify wave (SDW) 
and fhe spin densify af each afom sife is differenl. Sn atoms are regarded as “pas- 
sive” probes which deled fhe local magnelizalion wilhoul perlurbing fhe mag- 
netism of fhe mafrix. On fhe olher hand, when monalomic Sn layers are inserted 
periodically in a Cr(OOl) film, fhe Mbssbauer speclra indicale lhal fhe hyperfine 
field is nol much disfribufed and fhe value, 10-12 T, is considerably larger lhan 
lhal for Sn impurilies in a bulk Cr melal [15]. This is an undoubled evidence lhal 
fhe ullralhin Cr layers have a magnetic order and fhe Neel lemperalure is much 
higher lhan room lemperalure. 

Figure 5 shows lypical ''®Sn conversion eleclron Mbssbauer speclra for epi- 
laxial Cr(001)/Sn multilayers al room lemperalure wilh varying Ihe Ihickness of 
Cr layers. A large hyperfine field is observed for all Ihese samples. Sn layers are 
Ihoughl to be subsliluling a monatomic Cr(OOl) layer and forming a slrained bcc 
slruclure logelher wilh Cr layers. The large hyperfine field indicates lhal a large 
local magnetic momenl is induced al a Cr atom in Ihe neighbor sites of Sn layer. In 
conlrasl to Sn impurities in Cr, having Ihe smaller and dislribuled hyperfine fields, 
Sn monolayers inserted in belween (001) Cr layers serve as “active probes”, and 
Ihe Cr magnetic slruclure is modified by Sn layers. 

As shown in Figure 5, Ihe magnilude of hyperfine field al Sn probe layer does 
nol greally depend on Ihe Cr layer Ihickness. Regardless of Ihe Cr layer Ihickness, 
the local magnetic moment at Cr atom in the neighbor of Sn layer seems to be 
almost the same in the Cr layer. When the Cr layer thickness in a Cr/Sn multilayer is 
larger than about 40 A, it was found from neutron diffraction that a SDW structure 
is established in the Cr layer at low temperatures [16]. Although the magnetization 
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Figure 5. Mossbauer spectra at 300 K for [Cr(tc].)/Sn(2 A)]xn {Iq^ = 80, 40, 20, 10, and 

5 A). 



becomes spatially inhomogeneous, the hyperfine field at the Sn sites was found to 
be unique and large. Therefore it is suggested that the SDW is structured so that the 
interface site with Sn layer becomes the antinode. The wavelength is determined 
by the distance between Sn layers, that is the thickness of the Cr layer. By varying 
the thickness of Cr layer in Cr/Sn multilayers, the SDW in Cr is modified. In ofher 
words, the spin density wavelength is artificially tuned in some extent. 

For the study of magnetism in Fe/Cr multilayers, "®Sn monolayers are inserted 
in the Cr layers [17], The nominal structures consist of repetition of Fe/Cr/Sn/Cr. 
The Mossbauer spectra are shown in Figure 6(a). When the Cr layer thickness is 
moderate, the spectra are similar to those for Cr/Sn multilayers. When the Cr layers 
become extremely thin, the hyperfine field becomes smaller, suggesting that the 
spin density at the neighbor Cr atoms decreases as a function of Cr layer thickness. 
The Fe layers actively influence the magnetism of Cr layers. When the Cr layer 
thickness is 5 A, the hyperfine field becomes very small but is apparently not zero. 
The ultrathin Cr has still an antiferromagnetic order. The temperature dependence 
indicates that the Neel temperature is much higher than room temperature, around 
400 K or more (Figure 6(b)). Therefore the small hyperfine field is nol simply a 
resulf of the decreasing of the Neel temperature. The size of magnetic moment of 
Cr atoms would be determined by the influences from Fe and Sn layers. Although 
the Sn layers are active probes, they are effective to see some common features 
of the magnetism for both Fe/Cr and Fe/Cr/Sn/Cr multilayers. It has been thus 
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Figure6. (a) '^^SnMossbauer spectra at 300 Kfor [Fe(10 A)/Cr(fcf)/Sn(2 A)/Cr(fcr)] (^Cr — 40, 

20, 10, and 5 A), (b) The temperature dependence of the hyperfine field for the multilayer with 
fCr = 5 A. 



concluded that ultrathin Cr layers in Fe/Cr GMR systems have antiferromagnetic 
orders with small magnetic moments. For the understanding of the GMR behaviors, 
the role of Cr magnetism has to be taken into account. However, since the Neel 
temperature is fairly high, there has been no experimental work to elucidate the 
difference of transport features below and above the Neel temperature. 
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Abstract. Nuclear resonant inelastic X-ray scattering (NRIXS) of 14.4125 keV synchrotron ra- 
diation was used to measure directly the partial vibrational density of states (VDOS), g(E), of 
vapor-quenched amorphous Tbi_jf^^Fe,: thin film alloys (0.20 ^ x ^ 0.82). The structure of 
the samples was characterized by X-ray diffraction and Mossbauer spectroscopy. The behavior of 
the Lamb-Mossbauer factor obtained from measured vibrational excitation probability densities 
indicates vibrational softening with increasing Tb content. A plot of g{E)/ e'^ versus E proves the 
existence of non-Debye-like vibrational excitations below about 10 meV, becoming more pronounced 
with rising Tb content. 

Key words: nuclear resonance absorption, inelastic X-ray scattering, Mossbauer effect, amorphous 
Tb-Fe thin films, phonon density of states. 



1. Introduction 

Since the discovery of nuclear resonant inelastic X-ray scattering (NRIXS) of 
14.4125 keV synchrotron radiation by ^^Ee nuclei [1-3], this technique has evolved 
as a powerful method to explore atomic vibrational properties of condensed mat- 
ter not available otherwise [4, 5]. NRIXS provides a direct measurement of the 
frequency distribution of atomic vibrations, i.e., the vibrational density of states 
(VDOS), g{E), for the vibrating resonant isotope in matter. In other words, it is the 
resonant-isotope projected “partial” VDOS that is directly measured by NRIXS. 
g{E) is a key quantity from which important thermodynamic properties may be 
deduced [5]. Recently, NRIXS has opened a new domain, namely lattice dynamics, 
in thin-film, interface and multilayer research [6-10]. 

In the present work NRIXS was employed to measure directly the Ee-projected 
VDOS of vapor-quenched amorphous Tbi-^^^Ee^^ (a-Tbi_j^^^Ee;f) thin film alloys. 
Amorphous systems are of considerable interest because they show an anomalous 
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behavior in the low-energy part of the vibrational spectrum [1 1]. In particular, there 
is a debate about the so-called “boson peak” [12-15], which appears in g{E) as an 
excess contribution with respect to the usual Debye behavior [g(£) oc An 
enhancement of the VDOS at low exitation energies as compared to the Debye law 
is evident in earlier results obtained by coherent inelastic neutron scattering on bulk 
samples of binary metallic glasses, such as a-Mg 7 oZn 3 o [15]. In the present work, 
g{E) was obtained over a wide concentration range, because vapor-quenched a- 
Tbi-jcFe^: alloy thin films with thicknesses between 175-800 A were found to be 
metastable at room temperature (RT) in the regime 0.20 ^ x ^ 0.82. 



2. Experimental details 

The experiments were performed at the undulator beam line 3-ID of SRTCAT 
at the Advanced Photon Source. The bandwidth of the highly collimated beam 
of X-rays from the undulator is brought down to a value of the order of eV by 
a high-heat-load monochromator that uses two symmetric diamond (lll)-Bragg 
reflections in a nondispersive arrangement. Further monochromatization down to 
2.3 meV bandwidth (FWHM) is achieved by a high-resolution, nested Si crystal 
monochromator [16, 17]. The monochromatized synchrotron beam illuminated the 
^^Fe-containing thin films under a grazing angle of mrad. The energy was 
funed in sfeps of 0.4 meV around fhe 14.4125 keV nuclear resonance of ^^Fe. 
An avalanche photodiode was mounfed above fhe fhin film and defecfed fhe fime- 
delayed characferisfic 6.4 keV fluorescence X-rays of iron emitted afler fhe nuclear 
de-excifafion. The measuremenfs were performed wifh fhe samples usually af room 
femperafure, and in few cases af 10 K. The collecfion limes were 2-10 h per spec- 
1mm, depending on film Ihickness and Fe conlenl. The NRIXS dala evalualion and 
exlraclion of fhe VDOS was performed by using fhe compuler program PHOENIX 
described elsewhere [18]. 

All a-Tbi_j:^^Fe;c alloy fhin films were prepared in ullrahigh vacuum (base pres- 
sure ~5 • 10“^° mbar) by Ihermal co-evaporalion of Tb melal (99.99 al.% purify) 
and melallic ^^Fe (99.95 al.% purify, 95.5% enriched in ^^Fe) from Iwo indepen- 
denlly compuler-conlrolled Knudsen cells [19]. The pressure during evaporalion 
was < 1 • 10“^ mbar. The deposilion rales of Tb and ^^Fe were measured inde- 
pendenlly by Iwo calibrated quarlz-cryslal oscillalors and conlrolled by a personal 
computer. The desired alloy composilion was achieved by selecting a conslanl ratio 
of fhe Tb and ^^Fe deposilion rates, while mainlaining fhe individual deposilion 
rates conslanl. Depending on fhe alloy composition fhe deposition rates ranged 
befween 0.01-0.70 A/s. All alloy composilions, x, given here are fhe nominal 
compositions as determined from fhe ralio of fhe Iwo deposilion rates. The error in 
X is estimated to be ±0.01. The alloy film Ihickness, t, was usually 175 A for fhe 
Fe-rich films, and was increased up to 800 A for fhe Fe-poor samples in order to 
optimize fhe NRIXS measuremenl time. The amorphous films were grown af 300 K 
on oxidized Si(OOl) wafers lhal usually were inilially coated by a 200 A Ihick 
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Table I. Survey of the different a-Tbi_;f ^^Fe^ 
alloy thin Hlms and their thickness 



Composition x 


Film thickness (A) 


0.20 


720 


0.25 


547 


0.30 


800 


0.30 


175 


0.33 


389 


0.35 


361 


0.37 


336 


0.44 


266 


0.50 


222 


0.60 


175 


0.67 


175 


0.77 


175 


0.82 


800 


0.82 


175 



polycrystalline Pt buffer layer. Reflection of the synchrotron beam at the Pt layer 
in grazing incidence enhances the 6.4 keV fluorescence signal of inelastic nuclear 
resonance absorption in 175 A thick a-Tbi_j:^^Fe^ overlayers due to a waveguide 
effect (GIAR effect) [20]. All samples were coated with a 50-100 A thick Si layer 
for protection. A survey of all a-Tbi_j^^^Fe^ samples and their thickness is given 
in Table L 

The structure of the samples was characterized by {6-26) X-ray diffraction 
(XRD) and ^^Fe conversion electron Mbssbauer spectroscopy (CEMS). Cu-Kq,- 
radiation and a graphite monochromator were used for XRD. CEM spectra were 
taken at room temperature by using a conventional He-CH 4 proportional counter 
with the film surface perpendicular to the incident 14.4 keV y-ray of the ^^Co (Rh 
matrix) source. The CEM spectra were least-squares fitted by using the NORMOS 
computer program by Brand [21]. Isomer shift (S) values are given relative to a bcc 
(a-) Ee absorber at room temperature. 



3. Results and discussion 

3.1. STRUCTURAL INVESTIGATIONS 

The amorphous structure of the quench-condensed Tbi_^^^Ee^ thin films was con- 
firmed by XRD. Some typical XRD diagrams are shown in Eigure 1, where only 
Bragg peaks of the 200-A thick polycrystalline Pt buffer layer and a weak indica- 
tion of the (suppressed) Si(004) reflection of the Si(OOl) substrate at 26 = 69.2° 
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Th Fe 

^ ^ 0 . 50 ^ '" 0.50 
"^*^ 0 . 33 ^® 0.67 
"^ 0 . 18 ^^ 0.82 



Figure 1. X-ray diffraction (9-26) diagrams (Cu-Kq. - radiation) of a-Tbi_;f films on Pt/Si(001) 
substrate for x = 0.50 (222 A thick), 0.67 (175 A thick) and 0.82 (175 A thick), respectively. (In 
order to suppress the Si(004) reflection of the Si(OOl) substrate at 29 — 69.2° the film surface was 
tilted by 5° relative to the X-ray beam.) 
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Figure 2. Room-temperature CEM spectra of 175-A thick a-Tbi_;i^^Fejc Aims for x = 0.60, 0.67, 
0.77 and 0.82 (from top to bottom, respectively). Right-hand side: corresponding hyperflne-field 
distributions 
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are observed. The absence of Bragg reflections from hcp-Tb or intermetallic Tb- 
Fe compounds (e.g., such as cubic TbFe 2 ) near 20 = 30-35°, and from bcc Fe 
near 20 = 44.8°, is evident. Similar XRD diagrams as in Figure 1 were observed 
at lower Fe concentrations down to v = 0.20 (not shown). The absence of sharp 
Bragg reflections prove the amorphous structure of the Tbi-j^^^Fe^; thin films. 

Typical CEM spectra of a-Tbi-v^^FCj; films are shown in Figures 2 and 3. The 
spectra for 0.60 ^ v ^ 0.82 in Figure 2 are similar to those reported earlier 
[19, 22-24] and confirm the amorphous structure. They have been analyzed by 
least-squares fitting in terms of a broad distribution of magnetic hyperfine fields 
P(Bhf). assuming a weak linear correlation between hyperfine field and isomer 
shift 8 . Films with v ^ 0.60 show perpendicular magnetic anisotropy. From the 
line intensity ratio 3 : R 23 : 1 : 1 : R 23 ■ 3 of the basic Zeeman sextets in the 
P(Bhf) distribution one can calculate the average tilting angle ( 0 ) between the film 
normal and the Fe spin direction (or Bhf direction) [19]. A least-squares fit of the 
spectra and the relative line intensities results in nearly zero average quadrupole 
line shift and in (0) values ranging between 25-29°. Accordingly, the average Fe 
spin direction is preferentially perpendicular to the film plane, in agreement with 
earlier reports [19, 22-24]. The measured average isomer shift values are given in 
Figure 4. 

Contrary to the magnetic films with v ^ 0.60, a-Tbi_;c^^Fe;i films with v < 
0.50 are paramagnetic at RT, as is demonstrated by the quadrupole-split spectra in 
Figure 3. The apparent linewidth of these doublets is very large due to a distribution 
of electric quadrupole splittings, P(AEq). This is a typical feature of nonmagnetic 
amorphous binary Fe alloys [25-27]. Good fits to the slightly asymmetric doublet 
spectra were obtained via a distribution P{AEq), and assuming a linear correlation 
between quadrupole splitting AEq and isomer shift. The concentration dependence 
of the average isomer shift ( 8 ) and average quadrupole splitting (AEq) is shown 
in Figure 4. The observed (AEq) values are not too different from those found in 
amorphous Zr-rich Zr-Fe alloys [25, 26] and in a-Sc 3 Fe [27]. 



3.2. NUCLEAR RESONANCE INELASTIC X-RAY SCATTERING (NRIXS) STUDY 

Figure 5 exhibits typical NRIXS spectra (excitation probability versus energy trans- 
fer E) measured on a-Tbi_;i^^Fejc films at RT for different alloy compositions x. 
The spectra show a dominant central elastic peak at the nuclear transition energy 
Eo (energy transfer E = 0 meV) and side bands at lower and higher energy. X-rays 
with less energy than Eq excite the nuclear resonance by net annihilation of vibra- 
tional quanta (low-energy side band). The high-energy side band is produced by 
creation of vibrational quanta. The observed asymmetry in the spectra reflects the 
“detailed balance” [28] due to the Boltzmann factor. The vibrational side bands in 
Figure 5 have no sharp peaks and little structure, which is typical for the amorphous 
state [7]. The instmmental resolution function with a full width at half maximum 
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Figure 3. Room-temperature CEM spectra of a-Tbi_;c^^Fex films for jc = 0.20, 0.25, 0.30 
(800 A thick), 0.33, 0.35, 037, 0.44 and 0.50 (from top to bottom, respectively). Right-hand side: 
corresponding distributions P(AEq) of quadrupole splittings. 



(FWHM) of 2.3 meV is also depicted in Figure 5. The resolution function is nearly 
symmetrical and falls off rapidly from the center without having extended wings. 

After subtraction of the central elastic peak from the measured NRIXS spectra 
the data were normalized according to standard procedures [2, 5, 18], yielding the 
vibrational excitation probability per unit energy, W{E). By integration of W{E) 
over all energies the quantity 1 — / is obtained in a model independent way [18], 



ATOMIC VIBRATIONAL DYNAMICS OF THIN FILMS 



71 




10 20 30 40 50 60 70 80 90 

Fe concentration (x) 

Figure 4. Average isomer shift (5) (relativ to a-Fe at 300 K) (top) and average quadrupole splitting 
(A£q) (bottom) of a-Tbi_jt^^Fej; alloy thin films at room temperature versus Fe content x. 




Figures. Intensity versus energy transfer obtained at 300 K from a-Tbi_jf^^Fe,; films withx = 0.20 
(720 A thick), 0.30 (800 A thick), 0.50 (222 A thick), 0.67 (175 A thick), 0.77 (175 A thick) and 0.82 
(800 A thick) (from bottom to top, respectively). Also shown is the instrumental resolution function 
with FWFIM = 2.3 meV (dashed line). (For clarity the spectra are vertically displaced.) 



where / is the Lamb-Mossbauer factor (or /-factor). Figure 6 shows the concen- 
tration dependence of the /-factor of the a-Tbi_j^^^Fe^ alloy films. A tendency for a 
decrease of / with decreasing Fe content is evident. At the highest Fe concentration 
(x = 0.82) / is found to be independent of the film fhickness. In fhe regime of fhe 
lowesf Fe concenfrafions flucfuafions of / values appear, possibly due fo differenl 
film fhicknesses and/or possibly relafed fo fhe fad fhaf fhe fhermodynamic phase 
diagram for crysfalline Tb-Fe alloys shows a eufecfic poinf in fhaf regime [29], and 
small deviafions of x mighf sfrongly affecl also fhe properties of fhe amorphous 
sfafe fhere. Compared wifh fhe amorphous Tbo.ss^^Feo.e? alloy, fhe /-faclor of 
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10 20 30 40 50 60 70 80 90 100 110 

Fe Concentration [at. %] 

Figure 6. Lamb-Mossbauer factor (/-factor) at 300 K as a function of Fe concentration for 
a-Tbj_jt^^Fex alloy films (full circles). For comparison: /-factor for bulk bcc Fe at 300 K (full 
square) and for cubic Tb^^Fe 2 (l 10) film (800 A) at 300 K (full triangle). 



a crystalline Tb^^Fe 2 ( 110 ) epitaxial film of the same composition is found to be 
somewhat larger (Figure 6). 

The partial VDOS {g{E)) was deduced from the measured vibrational excita- 
tion probability density according to standard procedures [2, 5, 18]. Figure 7 ex- 
hibits g{E) of various amorphous Tbi_jc^^Fe;c films of different composition. The 
VDOS represents a structureless broad feature, as anticipated for such structurally 
and atomically disordered materials, where van-Hove singularities are smeared 
out. Qualitatively similar energy distributions (more exactly: generalized energy 
distributions) have been obtained by coherent inelastic neutron scattering on bulk 
samples of binary metallic glasses, e.g., a-Mg 7 oZn 3 o [15]. There is a tendency 
that the maximum energy of the VDOS in Figure 7 shifts to lower energies with 
decreasing Fe content x of the amorphous films, i.e. the Fe vibrations soften with 
decreasing x. 

The low-energy modes in g{E) below ~10 meV in Figure 7 are of particular 
interest because of the boson-peak phenomenon [12-14]. The usual way to observe 
a deviation from Debye-like behavior is to plot the reduced VDOS, g(E)/E^, 
versus E. In this representation strict Debye-like behavior is reflected by a hor- 
izontal line which intersects the g{E)fE^ axis at a value that is proportional to 
c~^ (cs = sound velocity) [5]. In Figure 8 we have plotted g{E)/E^ versus E for 
some representative examples: for two a-Tbi_jt^^Fe;c films and, for comparison, 
for two crystalline systems, i.e. a 800-A thick cubic Tb^^Fe2(110) epitaxial film 
and bulk bcc Fe. In Figure 8, a striking and unambiguous rise in g(E)/E^ up 
to about 2.5 (at.vol.)“'(eV)“'(meV)“^ below ~10 meV is observed for the Tb- 
rich a-Tbvo^^Feao film. Furfher, a peak near 3 meV seems fo exisf for fhis sample; 
however, because of the limited energy resolution of 2.3 meV (FWHM) it is not 
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Figure 7. Partial vibrational density of states (VDOS), g(£), of a-Tb[_jf ^^Fejc thin film alloys at 
300 K for different composition x. Energy resolution: 2.3 meV. (For clarity neighboring curves are 
vertically displaced by 50 (at.vol.)“^(eV)“^ .) 



clear at present whether this peak is real or an artifact of the NRIXS raw data 
evaluation, which includes subtraction of the elastic peak. (At 3.5 meV there is an 
about 10% contribution of the wing of the elastic peak to the measured NRIXS 
intensity; at 4 meV this contribution is practically zero.) For the less Tb containing 
a-Tbo.33^'^Feo.67 film the rise in g{E)j below ~10 meV is clearly much weaker 
[only up to ~0.9 (at.vol.)“^(eV)“^)(meV)“^] than for the Tb-rich sample. Again, 
one can argue whether the peak observed near 3 meV is real or an artifact. 

By contrast, the crystalline Tb^^Fe 2 film shows a much smaller value of ~0.5 
(af.vol.)“^(eV)“^(meV)“^ near ~3 meV fhan fhe amorphous films. Figure 8. (The 
peaks af ~22.5 and ~16 meV, and fhe dip near 10 meV, resulf from exfrema in 
the VDOS due to optical and acoustic phonons of the cubic Laves phase [30], 
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Figure 8. Reduced partial vibrational density of states, g(E)/E^, versus energy E, of amorphous 
Tbo.7o^^F®0.30 (800 A) and a-Tbo. 33 ^^Feo .67 (175 A) alloy films at 300 K, and of epitaxial 
Tb^^Fe 2 (l 10) Laves phase film (800 A) and bulkbcc Fe, both at 300 K, for comparison. The vertical 
dotted line indicates the FWFIM of 2.3 meV of the instrumental resolution function (i.e. data points 
below 2.3 meV are physically irrelevant). 



and are not related to low-energy excitations leading to a “boson peak”.) Debye- 
like behavior seems to occur below ~5 meV in cubic TbFe 2 - (The peaks in all 
g{E)/E^ curves below 2.5 meV in Figure 8 certainly are artifacts of the peak 
subtraction technique combined with the limited energy resolution.) For bulk bcc 
Fe, Debye-like behavior is observed in g(E)/E^ below ~15 meV (Figure 8), with 
g(E)/E^ « 0.13 (at.vol.)-HeV)-'(meV)-2. 

Although we cannot claim that we have observed the full “boson peak”, Figure 8 
clearly demonstrates the existence of non-Debye-like vibrational excitations below 
about 10 meV in quench-condensed a-Tbi_;i4'^Fejc alloy films. The probability of 
excitation of these anomalous atomic vibrations increases with decreasing excita- 
tion energy and rising Tb content. They are not observed in crystalline systems 
such as cubic TbFc 2 and bcc Fe. 

The microscopic origin of the observed anomalous low-energy excitations is 
unclear at present. For metallic glasses, either movements of atoms on the surface 
of very small voids or movements in lower density “defect” regions of the metallic 
glass have been suggested [15] as an explanation for low-energy excitations in 
these systems. We speculate that the larger atomic diameter of Tb (3.52 A) as com- 
pared to that of Fe (2.48 A) might be an important factor in the a-Tbi_jf Fe;^ system. 
In the structurally disordered network of large Tb atoms in Tb-rich amorphous 
alloys voids on an atomic scale might exist, which, when occupied by Fe atoms. 
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provide enough space for the smaller Fe atoms to vibrate in shallow potentials with 
low frequencies. Such voids do not exist in crystalline systems. 

4. Summary 

The Fe-projected (partial) vibrational density of states (VDOS), g(E), in vapor- 
quenched amorphous Tbi_;c^^Fe^ thin film alloys (0.20 ^ x ^ 0.82) was mea- 
sured by nuclear resonant inelastic X-ray scattering (NRIXS) of 14.4125 keV syn- 
chrotron radiation with 2.3 meV energy resolution. The amorphous structure of 
the films was confirmed by X-ray diffraction and ^^Fe conversion elecfron Moss- 
bauer specfroscopy (CEMS) af 300 K. For x ^ 0.60 fhe magnefically-splif specfra 
are characferized by a distribufion of magnetic hyperfine fields, and an 

average Fe spin direcfion perpendicular fo fhe film surface. For x ^ 0.50 fhe 
films are paramagnefic and exhibif quadrupole-splif doublefs fhaf indicafe a dis- 
fribufion of elecfric quadrupole spliffings, P{AEq), or of elecfric field gradienfs. 
Wifh increasing Tb confenf, fhe observed decrease of fhe Lamb-Mdssbauer faclor 
(obfained from fhe normalized NRIXS specfra) and fhe overall behavior of fhe 
VDOS indicafe fhe fendency fo vibrational softening. A plof of g{E)/E^ versus E 
proves the existence of non-Debye-like vibrational excitations below about 10 meV 
in the amorphous films fhaf do nol exisf in crysfalline sysfems. The probabilify of 
excifafion of fhese anomalous atomic vibration increases wifh rising Tb confenf. 

Our invesfigafions demonsfrafe fhaf fhe NRIXS technique has evolved into a 
powerful and presenfly unique technique for fhe invesfigafion of laffice dynamics 
in fhin films. 
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Abstract. We have applied nuclear inelastic absorption (NIA) to the molecular glass former di- 
butylphthalate/ferrocene, both in bulk and in nanoporous matrices having pore sizes of 50 and 25 A, 
respectively. The quantity g{E)/ e'^, where g(E) is the vibrational phonon density of states (VDOS) 
of the resonant nuclei, exhibits a pronounced maximum at low energies. Confinement in pores leads 
to a suppression of the VDOS below 1.5 meV, independent of the pore size. Also in the scaled 
heat capacity C(T)/T^, we observe a decrease of the peak maximum for low temperatures. Our 
observations are discussed in the light of experimental and theoretical results on nanocrystals and a 
recent theoretical model for the boson peak. 

Key words: Boson peak, inelastic scattering, confinement. 



1. Introduction 

The low-frequency vibrational properties of glasses and other disordered systems 
are a topic of long-term interest in condensed matter physics [1]. Especially the 
microscopic origin of the Boson peak, an excess contribution to the vibrational 
density of states (VDOS) g{E) that appears as a hump both in the ratio g(E)/E^ 
and in the scaled specific heat C{T)/T^, is a recent matter of debate. Among the 
numerous models that aim at an explanation of this phenomenon, we wish to men- 
tion the soft-potential model [2, 3] and a model of coupled harmonic oscillators 
[4]. Whereas the former one assumes the existence of soft localized modes, the 
latter starts from an ensemble of coupled harmonic oscillators having a distribution 
of elastic constants induced primarily by disorder, which may, however, be accom- 
panied by anharmonic effects, as discussed in a recent generalized version [5]. 

Whereas it seems difficult to prove directly the validity of these various models, 
it might be a rewarding task to attempt an experimental study of the influence 
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of geometrical confinement on the Boson peak for two reasons. First, one might 
expect to see a cut-off of the VDOS at very low energies/long wavelengths owing 
to the geometrical confinement. Second, the spectral position of the Boson peak 
itself may be shifted. Both a hardening originating from the interaction with a 
matrix having stiff walls and a softening owing to the increase of local free volume 
around molecules close to the pore wall are possible. Hence, conclusions about the 
microscopic nature of the softest lattice vibrations in disordered systems may be 
drawn. 

In the present study, we examined the glass former dibutylphtalate/ferrocene at 
different temperatures under geometrical confinement in porous silica matrices of 
25 and 50 A pore size as well as in the bulk, using nuclear inelastic absorption 
(NIA) [6-8]. This method is a powerful tool for element-selective studies of the 
vibrational dynamics of crystalline solids and glasses, giving direct access to the 
partial VDOS of the resonant atoms. Unlike in inelastic neutron scattering, the 
interaction process is completely incoherent so that the admixture of coherent 
cross-sections from any type of atom is exactly zero. Moreover, NIA provides 
background-free measurements because only the resonant nuclei contribute to the 
delayed signal. This is especially advantageous in our case, where we introduce the 
glass former into a matrix whose dynamics are not of immediate interest to us. 



2. The experiment 

The sample investigated was dibutylphthalate containing 5 mol-% ferrocene en- 
riched to 95% in ^^Fe. The preparation of the enriched ferrocene and the loading 
of the nanoporous matrix - a pellet having 2 mm thickness and 5 mm diameter 
- are described in [9]. The experiment was carried out at the Nuclear Resonance 
Beamline ID18 [10] at the ESRF, using a three-bounce high-resolution monochro- 
mator (HRM), where the small energy bandwidth is achieved by using two highly 
asymmetrically cut Si (9 7 5) reflections and where a Ge(3 3 1) symmetrically cut 
crystal ensures an approximately horizontally outgoing beam. A new set of crystals 
providing an energy resolution of about 0.5 meV was used. Within this bandwidth, 
a high flux of 3 • 10^ s“' was achieved by collimating the beam in front of the 
HRM by a compound refractive lens [11]. The sample was mounted into a copper 
holder sealed with Kapton windows in a closed-cycle cryostat such that the beam 
entered in 5° grazing incidence from below. Owing to radiative heat transfer from 
the cryostat window to the sample (distance ~3 mm), the set temperature of the 
cryostat is not the actual temperature of the sample. The true sample temperature 
was determined by detailed balance after subtraction of the resolution function 
from the raw spectra. The HRM was scanned within a range of ±80 meV around 
the resonance energy in steps of 0.25 meV; for energies in the range ±10 meV, a 
finer step width of 0.125 meV was used. 
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3. Results and discussion 

The extraction of the one-phonon contribution from the raw NIA spectra and the 
evaluation of the phonon VDOS was carried out using DOS V2.1 [12]. The broad- 
ening of the instrumental function was partly eliminated from the data by deconvo- 
lution. Both for the temperature determination and for all further data evaluations, 
the subtraction of the elastic line from the raw spectra is a key issue, which influ- 
ences strongly the quality of the data at lowest energies. Usually, the subtraction is 
done such that the inelastic spectrum has a smooth behaviour. We observed that it 
was possible to find an optimum percentage of subtraction by comparing the nth 
moments of the spectrum and the {n — l)-th moments of the VDOS, as described 
in [12]. 

Figure 1 shows the partial VDOS of the bulk sample at 85 K, where the promi- 
nent features are the intermolecular lattice modes {E < 20 meV) and the (in- 
tramolecular) optical modes of ferrocene at 22.0, 60.1 and 62.6 meV, respectively. 
The VDOS is normalized to one over the full energy range, thus yielding the prob- 
ability density per vibrational mode rather than per unit volume. The difference 
between bulk and nanoporous samples becomes noticeable when inspecting the 
reduced VDOS g(E)/E^, since low energies are emphasized by the g{E)/E^ plot. 
This quantity is displayed in Figure 2. We note that for energies below 1.5 meV the 
VDOS is suppressed in the pores with respect to the bulk, whereas for higher ener- 
gies the curves are almost identical. The spectral position of the peak in g{E)/E^ 
remains unaltered. 

Qualitatively, the suppression at low energies can be explained by a cut-off of 
long-wavelength acoustic modes owing to the geometrical confinement. Quantita- 
tively, however, we would expect that the cut-off energy is two times lower in 50 A 
pores than in 25 A pores. In contrast to this simplifying assumption, the position 
of the cut-off seems to be independent of the pore size within the accuracy of our 
energy resolution of 0.5 meV. Our finding agrees wifh neufron fime-of-flighf resulfs 




Figure 1. Partial VDOS for bulk ferrocene/dibutylphthalate at T = 85 K. 
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Figure 2. Reduced partial VDOS for ferrocene/dibutylphthalate at T = 85 K, bulk versus nanopores. 
The error bar at 0.5 meV takes the uncertainty of the subtraction of the elastic line into account. 



obtained on salol in nanopores [13], where a decrease of g{E)/E^ was observed 
as well, but the dependence on pore size was also smaller than expected. 

In this context, considering the Lamb-Mdssbauer factor, which is easily ob- 
tained from the VDOS, may be illustrating. In a simple cut-off model, an increase 
of /lm of up to about 6% for 25 A pores is expected for T = 85 K. We ob- 
tain /lm = 0.59 ± 0.02 for the bulk, 0.58 ± 0.02 for 50 A and 0.57 ± 0.08 for 
25 A, i.e. no change of the mean-square displacement of the iron atom within the 
experimental accuracy can be observed. 

For the interpretation of our findings, it is important to note that our system 
consists of a relatively soft solid included in a much harder matrix. This is evident 
from a comparison of the Debye temperatures: ©zj = 494 K for vitreous Si02 [14] 
compared to = 146.2 K for bulk dibutylphthalate/ferrocene as determined 
from the VDOS according to 









( 1 ) 



The vibrational properties of nanoparticles are the object of intense current 
research. Lamb’s classical theory [15] of a vibrating homogeneous sphere pre- 
dicts the appearance of discrete acoustic surface breathing and torsional modes, 
which have been found in numerous Raman scattering experiments (e.g., [16]). On 
embedding into a matrix these modes do not disappear, but are globally stiffened 
[17]. However, Lamb’s theory does not describe precisely the shape of vibrational 
spectra. Using Green’s function methods on Ag nanocrystals [18], an enhancement 
of low-frequency modes and a linear scaling of g(E) with E for the surface atoms 
was predicted in confinement. Experimental evidence for this behaviour was ob- 
tained using inelastic neutron scattering [19, 20]. Using NIA on nanocrystalline Fe 
[21], an enhancement of the VDOS for low energies and a general broadening were 
observed. An important influence of fhese effects, however, could be attributed to 
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oxidation effects and grain-boundary vibrational modes, in addition to the pure 
confinement effects, in a similar study [22]. Both NIA studies did not confirm fhe 
linear g{E) scaling, buf gave evidence for fhe convenfional g{E) oc E^ behaviour 
for low energies. 

Our system sfrongly differs from fhe investigated nanoparficles in fwo aspecfs. 
Firsf, instead of spherical confinemenl we have fhree-dimensionally inferconnecfed 
channels, which are difficull fo freaf fheorefically. Second, since we observe selec- 
fively fhe iron atoms, which are nol direcfly located close fo fhe pore walls buf in 
the centre of the ferrocene molecules, the observation that the confinement does 
not introduce any extra surface modes with respect to the bulk is not surprising. 
In this context, the slight decrease of low-energy modes is consistent with the ex- 
pectations of [18] where the embedded central atoms have a smaller VDOS at low 
energies. Hence, our study probes sensitively the inner part of our glass in the pores 
and avoids oxidation problems, but gives no direct access to surface vibrational 
properties. Altogether, the most plausible conclusion from our experiment is a 
slight stiffening of the acoustic non-surface phonons owing to confinement, which 
depends less critically on pore size than surface acoustic phonons. The deviations 
from Debye behaviour that are characteristic for a glass, however, are not taken 
into account in these considerations. 

Hence, we have finally made use of fhe relafion 



CviT) = 3kB 




(e/i£ - 1)2 



dE, 



( 2 ) 



where fi = l/k^T, to obfain fhe vibrafional confribufion to fhe scaled isochoric 
heal capacity Cy{T) / . For energies belween 0 and 0.5 meV, fhe exlrapolalion 

g(E)/E^ = consl., based on fhe experimenlal value for E = 0.5 meV, was used. 
The resull bolh for bulk and porous samples is shown in Figure 3. As a consequence 
of fhe decrease of fhe number of very sofl acoustic modes in confinemenl, which 




Figure 3. Scaled heat capacity (in units of kg) for ferrocene/dibutylphthalate, bulk versus nanopores. 
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dominate the contribution to Cy{T), an overall smaller value for the porous sam- 
ples is obtained, especially for low temperatures. We have to point out, however, 
that our calculation relies on the assumption that the shape of the phonon VDOS 
is essentially temperature-independent below 85 K, which need not be strictly 
fulfilled in glasses. Results on bulk ferrocene/dibutylphthalate using quasielastic 
nuclear forward scattering [23], however, indicate a quasi-harmonic behaviour of 
the Lamb-Mdssbauer factor with T , which supports our assumption. 

Our finding may be compared fo observations [24, 25] where fhe Cv{T)/T^ 
maximum characferisfic for a glass appeared also in fhe corresponding crysfalline 
phase, buf af higher femperafures and wifh much lower infensifies. 

We may also correlate our resulf fo a recenf fheorefical model [5]. Here, fhe de- 
gree of disorder (represented by a disorder paramefer, fhe widfh of fhe disfribufion 
of force consfanfs of an ensemble of slighfly anharmonic oscillafors) correlafes 
wifh fhe heighf and fhe position of fhe Cv(T)/T^ maximum. In particular, an 
increase of fhe disorder paramefer leads fo an enhanced maximum and fo a shifl 
fowards lower femperafures. If and only if we have a simple disappearance of sofl 
modes in confinemenl, nol compensated by any appearance of harder modes, fhen 
we would have a more narrow force consfanf disfribufion, which would fhen be 
consisfenf wifh fhe scenario described in [5]. 
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Abstract, y-ray holography is a novel method for three-dimensional (3D) imaging of a local atomic 
structure, which utilizes the internal reference idea of holography. The principles of this method will 
be presented with emphasis on the phase information gained by means of complex holograms. 

Key words: X-ray holography, Mdssbauer effect, resonant nuclear scattering. 



1. Introduction 

Crystallographic phase problem. In a standard diffraction experiment, an object 
is illuminated by a plane wave and the diffraction pattern is measured with a 
far field detector. In this experimental geometry, atomic resolution requires the 
radiation wavelength which is comparable with inter atomic distances. Then, the 
diffraction pattern is connected with the atomic structure of the object by Fourier 
transform. In the X-ray regime, for energy of E ~ 10 keV and A ~ I A the 
frequency of the scattered waves is about v ~ 10^^ Hz. 

Therefore, only the intensities of the scattered waves can be measured directly 
and the phase information associated with the scattered waves is lost by time av- 
eraging. This makes the direct transformation of the diffraction pattern to the real 
space impossible. Figure 1 illustrates this difficulty. A two-dimensional object* 
from Figure 1(a) is illuminated by a monochromatic plane wave. The resulting 
diffraction image (Fourier transform of the object) is presented in Figure 1(b), 
where the intensity and phase distributions are shown separately. Figure 1(c) shows 
the back-transformed images utilizing the whole information, only the intensities 
and only the phase information, respectively. 

In some cases, as it is visible from Figure 1, the information associated with the 
phase may be crucial for the reconstmction of the object. Generally, the phase gives 
the information about the absolute positions inside the object. Several methods of 
physical and computational character have been demonstrated to solve the phase 
problem [1]. Particularly, it was realized very early that Mdssbauer spectroscopy 

* The object is the logo of Lufthansa airlines. The Seeheim Workshop on Mbssbauer Spec- 
troscopy took place in the Lufthansa training center. 
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(a) object (b) plane wave 



illumination & detection 

|A|* - Amplitude Phase 




Figure 1. Demonstration of the phase problem, (a) A two-dimensional object, (b) Fourier transform 
of the object, (c) Back-transforms utilizing the whole complex information {left), only the intensity 
{middle) and only the phase information {right). Intenstities are shown in an arbitrary color scale. 
Phase changes from 0 to 2:^ . 



may solve the phase problem by taking advantage of the interference between 
waves scattered in nuclear and electronic processes [2]. However, diffraction exper- 
iments require highly collimated beams, which are difficult to produce with a nat- 
ural radioactive source. This may change with the development of ultrahigh-intense 
X-ray free electron lasers. 

Holography. Holography was invented by Gabor, as a tool for structure determi- 
nation at the atomic level [3] free from the phase problem. However, the lack of 
high-quality lenses in the X-ray regime prevented the progress of the method as a 
tool for atomic structure investigation. A lens, in the original idea of Gabor, was 
required to produce a spherical reference wave emerging from a point-focus near 
the imaged object as shown in Figure 2(a). The hologram, i.e., the interference 
pattern of the direct and scattered wave could be detected using a screen placed in 
the far-held and it contained the phase information. The phase information about 
the relative phase is gained when the reference wave and the object waves are added 
coherently. The resulting intensity at the detector can be written as: 

I = \R + 0\^ = \R\^ + 2\R\\0\cos{<I)r - (!,o) + ■ ■ ■ , (1) 

where \R\,\0\, (j)o are the amplitudes and phases of the reference and object 
waves, respectively. 
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Figure 2. The formation process of the hologram in the Gabor’s holographic microscope (top), in the 
Internal Source Holography (middle), and in the Internal Detector Holography (bottom). 



Internal source holography (ISH) [4] and internal detector holography (IDH) [5] 
are alternative lensless approaches, which were realized experimentally quite re- 
cently. They avoid optical elements and thus provide images with atomic resolution 
by using electrons (photo, Auger, Kikuchi) [6] or X rays [7]. In ISH, atoms inside 
a sample serve as coherent point sources of short-wavelength radiation which is 
scattered from nearby atoms (Figure 2). This produces an interference pattern cor- 
responding to the local environment around the emitting atoms. Such a pattern, 
which is collected with an angle resolved detector, may be treated in the same 
way as an in-line Gabor hologram. The back-reconstruction of the internal source 
hologram to the real space is performed numerically [8]. The method works only 
if all emitting sources have similar local environments. However, the long range 
order is not required as in standard diffraction methods. In fact, internal sources of 
y-rays were proposed previously for solving of the phase problem by means of the 
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Kossel lines analysis [9]. However, such an experiment required a perfect single 
crystal as the sample. 

IDH is connected with ISH by a time-reversal as shown in Figure 2. In X-ray 
IDH, the interference of elastically scattered waves with the direct unscattered 
reference wave is monitored by measuring the absorption of particular atoms serv- 
ing as internal detectors. The detection signal for measuring the local X-ray field 
intensity is provided by X-ray fluorescence or electron yield and is recorded with 
an external angle integrating detector. Because of the weak scattering of X rays, 
the holographic modulation is only in the order of 10“^^ of the total signal. In 
addition, for high spatial resolution, holograms have to be recorded over a wide 
angular range. Therefore, high-brilliance sources and fast two-dimensional energy 
resolving detectors are needed to make these techniques widely applicable. 

Holographic phase problem. Twin images. Initially, ISH was believed to being 
free from the phase problem. However, a kind of phase still exists [10]. Consider 
Equation (1), which is fundamental for holographic imaging. From Equation (1) 
only the absolute value of the phase difference 4>r ~ 4>o between the reference 
and the object wave may be extracted. As a consequence, twin-images appear in 
the real-space reconstruction of the hologram. Twin images are spurious images 
inherently connected with holography, which appear in false positions. For Gabor 
type holography, they are inverted around the origin (the reference point). In the 
original Gabor microscope the point focus was outside the imaged object and thus 
the real and twin images were well separated in space. In ISH and in IDH the 
internal source/detector is a part of the object and the real and twin images may 
overlap and add up to zero, completely removing the information about particular 
scatterers from the reconstructed real-space. Figure 3 illustrates the twin-images 
problem in ISH. Three holograms of a simple object consisting of a reference atom 
and eight scatterers placed on rectangular lattice with lattice parameter a, were 
simulated for different values of a and a constant wavelength X. The real space 
reconstruction of the holograms is shown in Figure 3(c). It can be observed that 
for some values of a hologram, as well as the real-space images, are blind with 
respect to some inter atomic distances due to real and twin images cancellation in 
this centrosymetrical system. 

Twin images may be eliminated in electron holography and X-ray holography 
by collecting holograms for many wavelengths [11]. 



2. Principles of y -ray holography 

IDH can be successfully performed in a table-top experiment utilizing another scat- 
tering process: nuclear resonant scattering of y-rays. For the 14.41 keV transition 
in ^^Fe the corresponding wavelength of 0.86 A is sufficiently short for atomic 
resolution. For this kind of radiation the nucleus can be treated as a point scatterer, 
so the form factor is constant. The angular anisotropy of the reference and object 
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Figure 3. Twin images problem, (a) Objects consisting of a reference atom placed at origin and eight 
scatterers placed on rectangular lattice with different lattice parameter a. (b) Holograms simulated 
for objects shown in (a), (c) Real-space reconstructions of the holograms. 




waves is caused only by the polarization effects and since the nuclear transitions 
in 57pe 

are Ml, the scattering amplitude is a slow varying function of angles. 
Moreover, the excited state lifetime is long compared to the characteristic lattice 
vibration times of atoms in the sample and the Lamb-Mossbauer factor, describing 
the thermal effects for the case of slow scattering, is isotropic. For magnetically 
ordered systems, the levels are split and the scattering and absorption is influenced 
by the internal magnetic fields at the nuclei. In consequence, there is a possibility 
to image only chosen nuclei, with a particular set of the hyperfine interaction para- 
meters, and it is possible to resolve the 3D magnetic structure of the sample. The 
nuclear resonant scattering amplitude value is very high as compared to the X-ray 
scattering amplitude given in the forward direction by Zro, where Z is the atomic 
number and ro is the classical electron radius. In the exact resonance, the value of 
the nuclear resonant amplitude can be as high as 440ro for ^^Fe and may cause 
holographic oscillations of several percents in the measured pattern. 

In the case of ^^Fe the internal conversion coefficient a, responsible for the 
ratio of the nonradiative to radiative decay probability, is 8.17. This value is almost 
ideal for the holographic application with the detection through the inelastic chan- 
nel. The electrons following the conversion process are easy to detect over a full 
hemisphere above the sample using a simple proportional detector. 

y-ray holography was realized in the IDH geometry [12, 13]. In this version 
of holographic imaging 14.41 keV y rays from radioactive source (^^Co), illu- 
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minate a sample containing Mossbauer isotope (^^Fe) (Figure 2). The energy of 
y rays is tuned to a particular Mossbauer transition in the sample by changing 
the Doppler velocity of the source. Any particular nucleus in the sample can be 
excited in resonant way by either direct Mossbauer photons (acting as the reference 
wave) or previously resonantly scattered photons (acting as the object wave). The 
excited nucleus de-excites and emits conversion and Auger electrons, which are 
then detected to probe the y-ray field intensity at the site of the absorbing nucleus. 
A 2D hologram is collected point-by-point while the sample is rotated relative to 
the direction of the y-ray beam. The internal source version of y-ray holography 
was also discussed but never realized [15]. 

In the first atomic resolution holographic experiment with y radiation [12], a 
hologram of ^^Fe epitaxial film was recorded and reconsfrucfed fo fhe real space. 
Allhough fhe qualify of fhe dala was reasonable, fhe images of fhe nexl neighbors 
were very weak and accompanied by arlifacls. Furlhermore, succeeding experi- 
menls [14] performed on a ^^Fe 304 epilaxial films yielded no nuclear images in 
the real-space reconstructions at all. As realized after some time, this was due to 
twin-images problem. 



3. Complex y-ray hologram 

Multiple wavelength illumination techniques for twin images suppression, cannot 
be applied in the y-ray holographic Mossbauer experiment, since the resonance 
condition fixes fhe wavelenglh. 

However, very recenlly, if was demonslraled lhal Iwin images can be eliminated 
by reconslrucling a so-called complex hologram [16]. In resonanf scaffering one is 
able fo direcfly change fhe phase of fhe scattering, and fhus of fhe objecf waves, 
by defuning from fhe resonance. The phase change of tt/2 replaces fhe cosine 
function in Equation (1) by fhe sine function removing fhus fhe sign ambiguity. In 
addifion, since holograms recorded close fo fhe Mossbauer resonance correspond 
fo the same wavelength they can be combined to a single complex hologram. 
In a holographic experiment the phase change of tt/2 is not directly feasible. 
Therefore, it was proposed that suitable holograms may be built from linear com- 
binations of two holograms recorded symmetrically bellow and above the exact 
resonance condition. The sum and difference of symmetrically recorded holograms 
always corresponds to a hologram with sine and cosine behavior, respectively. 
Figure 4(a) shows the raw data, i.e., the sine and cosine holograms measured for 
a ^^Fe/MgO(100) epitaxial film. Please note, lhal apart from fwin images problem, 
fhe difference hologram is ideal for slruclural imaging since if is background free. 
The complex hologram was conslrucled from processed experimenlal dala and 
ils magnilude and phase are shown in Figure 4(b). The high-fidelity real-space 
reconslruclion of fhe hologram is shown in Figure 4(b) proving fhe solution of fhe 
phase problem. The spatial resolulion is better lhan 0.05 nm. 
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(C) 



Figure 4. Complex y-ray holography of ^^Fe/MgO(100) epitaxial film, (a) Raw data. Sum and dif- 
ference of the patterns recorded bellow and above the resonance at a half width of the resonance line. 
The bars show the number of counts, (b) Amplitude (left) and phase (right) of the complex hologram 
processed from (a), (c) Real-space reconstruction of bcc local structure in ^^Fe/MgO(100). 




4. Outlook 

The most promising feature of y-ray holography is the ability to record holograms 
characteristic of ions in different chemical environments and characterized by dif- 
ferent hyperfine interaction parameters. Although sensitivity to hyperfine interac- 
tion parameters has not been directly shown in holographic experiment yet, such 
possibility is given by the Mossbauer experiment. Recently, this unique feature 
of the Mossbauer diffraction that is useful for studies of atomic arrangements in 
materials was applied to measure diffraction peaks characteristic of spatial arrange- 
ments of two nonequivalent Fe sites in a FcsAl powder sample [17]. The diffraction 
profiles were measured with the energy of incident radiation tuned to different 
hyperfine magnefic field values of bofh chemical environments. Whereas the struc- 
tural information gained by y-ray holography and the Mossbauer diffraction is 
similar, the fields of applications of fhese mefhods are very differenl. In y-ray 
holography fhe acquisition scheme is based on fhe defecfion of conversion and 
Auger elecfrons, which can be done very efficienlly even for ulfrafhin films, where 
the kinematical limit is valid. 
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Abstract. With scattering methods we are able to detect the elementary diffusion jump. This is a 
report on investigations with methods working in the time domain, i.e., nuclear resonant scattering 
of synchrotron radiation and neutron spin echo. The accent of this paper is on diffusion in ordered 
alloys. We finish with an outlook on what will be possible with the upcoming potential of future 
synchrotron sources. 

Key words: diffusion, nuclear resonant scattering, neutron spin-echo. 

In the past we have several times reported on results of quasielastic methods, i.e., 
methods acting in the energy domain, in particular quasielastic Mdssbauer spec- 
troscopy and quasielastic neutron scattering (e.g., [1-3]). Here we shall concentrate 
on methods acting in the time domain. These methods have only recently acquired 
the potential to study diffusion. This is because only recently third-generation 
synchrotrons with high brilliance in the X-ray regime and powerful spin echo 
spectrometers at neutron sources became accessible. The idea of Mossbauer spec- 
troscopy with synchrotron radiation, usually called nuclear resonant scattering of 
synchrotron radiation (NRS) is schematically shown in Eigure 1. 



log I (delayed photons 





coherent (in phase) 
“nuclear exciton” 



Figure 1. Set-up in investigations of nuclear resonant scattering of synchrotron radiation in forward 
direction. 



Now: SAP Deutschland AG. 
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log (delayed photons) 




Figure 2. Set-up in diffusion studies by nuclear resonant scattering of synchrotron radiation in for- 
ward direction. The arrows symbolise jumping atoms. The sample is a single crystal which can be 
rotated together with the furnace. 



Here the Mossbauer nucleus is ^^Fe and the synchrotron pulses (length some 
tens of picoseconds, highly monochromatic around 14.4 keV, energy width meV) 
follow each other after about 170 ns. In forward scattering (and in Bragg directions) 
the 14.4 keV radiation re-emitted from all ^^Fe nuclei is in phase, i.e., there is 
maximum intensity. The re-emitted photon intensity from an ideally thin sample 
would decay with a half life of 141 ns (Figure 1). 

If, however, the ^^Fe atoms start diffusing, i.e. in a crystalline lattice to jump 
from lattice site to lattice site, then the phase relation in forward direction [4] (and 
into Bragg directions [5]) is lost and with increasing time more and more of the 
intensity goes incoherently into 47T. The intensity will now decay more rapidly 
(dashed line in Figure 2). For an early review see [6]. 

In this paper we concentrate on diffusion in ordered intermetallic alloys with 
a particular simple cubic structure, namely CsCl structure (in materials science 
named B2 stmcture). 

Figure 3 shows the intensity decay of delayed 14.4 keV gamma radiation in 
forward direction for a stoichiometrically ordered intermetallic FespAlso alloy (in 
the following abbreviated FeAl) and two different temperatures. At 900°C a dif- 
fusion jump occurs seldom within 141 ns, i.e., the decay of the delayed radiation 
hardly notices the diffusion at all. At 1030°C, however, the decay is strongly ac- 
celerated because the phase relation between re-emitted parts of the radiation is 
strongly disturbed by sufficiently fast site changes of the re-emitting atoms, and 
with increasing time less and less intensity goes coherently into forward direction. 
That is why the intensity decay in forward direction is considerably faster than at 
900° C. For more details see [7]. 
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Figure 3. Intensity decay is accelerated at 1030°C (right). FeAl crystal, synchrotron beam parallel 
to [1 1 0] crystal direction. 

To be more exact: the intensity in forward direction /ps is essentially the square 
of the momentum-time correlation function of the diffusing atoms 



where the momentum-time correlation function in the simplest case of jump diffu- 
sion is (see [6]) 



The decay with time t allows one to determine the jump rate 1/r, and the phase 
factor exp(— /QZ, ) - with Q the wave vector of the synchrotron radiation - makes it 
possible to determine the jump vectors Z, just by playing with specimen orientation. 
Z, denotes the variety of jump vectors numbered from 1 to A(. 

This orientation dependence is shown in Figure 4 where the time integrated 
intensity of the delayed 14.4 keV radiation (see inset, shadowed area) is plotted 
versus sample orientation. 

Comparison with the above formula leads to an unambiguous model for the 
diffusion jumps (Figure 5). 

The majority of the Fe atoms in FesoAlso ordered alloy jumps preferentially to 
third nearest neighbour sites (thicker arrow in Figure 5), but a minority jumps to 
next (second) nearest neighbour sites (thinner arrow). Some atoms perhaps even 
jump to fourth nearest neighbours. Sounds a little surprising; are there really no 
jumps to the antistmcture site, i.e. the nearest neighbour site (bold arrows)? 

That was the reason why we searched for other systems with B2 structure in 
order to support or falsify the model. In particular a system with a lower tendency 
for ordering is highly desirable for comparison. In such a system we expect that 
jumps of the transition element atoms to the anti-structure sites will indeed occur, 
even though we expect the occupation time r of these sites to be smaller. We will 



Zfs oc exp -^|5(Q, t)\^, 




N 



i = l 
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Figure 4. Orientation dependence of time integrated intensity (see inset) for nearly 40 orientations 
of an FeAl single crystal with its (1 10) plane horizontal, i.e., synchrotron beam in this plane, parallel 
to directions from [1 13] through [1 1 1] to [1 10]. Angle relative to [001]. Sample temperature 
1030°C. Data taken from [7]. The solid line is a simulation according to the described jump model 
(see text). 





antistructure site 
for Fe atom 

regular site 
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Figure 5. Jumps of Fe atoms in FesgAlsQ. 



then face a more complicated situation from the experimental point of view: there 
will be several jumps with different lengths and different frequencies, i.e., we will 
have to solve a jump matrix. 

Unfortunately there exists no other intermetallic ordered Fe alloy with B2 (CsCl) 
structure. We are faced with the decisive drawback of Mdssbauer spectroscopy and 
its synchrotron variant to be easily feasible only with ^^Fe. We fortunately found a 
number of B2 alloys containing Ni or Co which are accessible for neutron methods 
able to probe atom dynamics. Here - as declared above - we dwell on methods 
working in the time domain, i.e. we shall not report results of quasielastic neutron 
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Figure 6. Principle of neutron spin-echo spectroscopy. 



scattering that may be found in [8]. By way of example we report on neutron spin 
echo results on NiGa. 

Figure 6 shows the principle of neutron spin-echo spectroscopy. The idea of the 
experiment is due to F. Mezei (see, e.g., [9]) and is as follows: polarized neutrons 
(i.e., neutrons with their spins aligned) are Larmor precessing during their flight 
through a magnetic coil. After they have passed a certain distance they fly along 
the same distance through coil with magnetic field with exactly opposite direction, 
i.e., the neutrons reverse their sense of precession. If the second magnetic coil has 
exactly the same length as the first one and if the neutron velocity has not changed, 
the neutrons will arrive with full polarization as at the beginning of the game. That 
is controlled by an analyzer. If, however, e.g., by scattering with energy transfer 
at a sample, the velocity of the neutron has changed during the game, then the 
polarization will not be preserved. Again the momentum-time correlation function 
5(Q, t) is measured. 

We have chosen an intermetallic alloy with B2 structure (NiGa) where diffu- 
sion of the transition element (Ni) is sufficiently fast and where again practically 
only its diffusion will be visible for our method. Here the trick is: the incoherent 
scattering cross section for Ga atoms is negligibly small compared to that of Ni 
atoms (coherent scattering is avoided by measuring off the Bragg reflections). That 
implies that Ga is practically invisible for the neutron spin echo method and we 
will probe only Ni diffusion. 

In NiGa indeed the situation is more complicated than for Fe jumps in ordered 
FeAl. A fit with jumps to second nearest neighbours made no sense (dashed line 
in Figure 7) and the comparison with theory yields jumps to the anti-structure sites 
(full line) and back to regular sites (Figure 8). 

This finding implies that in other B2 systems than FeAl - here for NiGa - 
the residence time of the transition element atoms on anti-structure sites may be 
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Figure 7. Neutron spin echo at SPAN (Hahn-Meitner Institut Berlin). Momentum-time correlation 
function S(Q, t) for Ni diffusion in a single crystal of nearly stoichiometric NiGa B2 ordered inter- 
metallic alloy. Temperature 1130°C, direction of Q close to [1 1 0], length of Q = 1.45 (top) 
and 1.82 (bottom). The lines represent the momentum-time correlation functions according 
to diffusion via nearest-neighbour (NN) jumps into anti-structure sites (full lines) and next near- 
est-neighbour jumps (dashed lines). It is evident that jumps to anti-structure sites are the better fit for 
Q = 1.82 A“^, whereas for Q = 1.45 A“^ no distinction is possible. From [10]. 




The spectrum consists 
of two contributions: 

1. Shorter residence time on 
Ga antistructure site 
(indicated by short arrow) 

2. Longer residence time on 
regular Ni site 
(indicated by long arrow) 




Figure 8. Neutron spin echo on NiGa as in Figure 7. Temperature 1130°C, direction of Q close to 
[1 10], length of Q = 1.82 A“^. The solid line is a sum of two exponentials (dashed lines) with 
different relaxation times. The weight of first exponential is for clarity normalised to one, the weight 
of the second exponential is about 0.65. From [10]. 
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Figure 9. Comparison of methods able to determine jump frequency and length scale of diffusion. 
In the atomistic range (length scale in the range of A) we have the neutron methods (inelastic and 
quasielastic neutron scattering INS and QNS and neutron spin echo NSE) and nuclear resonant 
scattering including classical Mdssbauer spectroscopy. For much larger length scale (far beyond the 
atomistic range) photon correlation spectroscopy (PCS) of coherent laser light is used. We expect 
that the development and application of this method extended to the X-ray range (XPCS) will be 
more and more successful with increasing coherency of X-ray sources. 
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considerable. The results are fully confirmed, though with weaker resolution - by 
results from QNS [10]. This supports our conjecture that also in FeAl the Fe jump 
is via anti-structure sites. However, they are occupied for a much shorter residence 
time than the regular sites, so that the jumps of the Fe atoms are - even though 
they are executed via anti-structure sites - “effectively” to regular second or third 
nearest neighbour sites. 

Putting all information on diffusion of the transition element atoms in B2 alloys 
together we end up with the following picture of diffusion in B2 alloys: 

• Diffusion is always via jumps into a vacancy on anti-structure nearest neigh- 
bour (NN) sites. This is true for stoichiometric (or nearly stoichiometric) 
alloys, but also for non-stoichiometric alloys. For the latter we refer to [11]. 
Ab initio calculations by Fahnle et al. [12] confirm and explain these findings. 

• From investigations with the quasielastic methods [10, 1 1], on which we could 
not report here due to lack of space, we further conclude that for the transi- 
tion element atoms the residence time on anti-structure sites increases with 
increasing deviation from stoichiometry. 

• From comparison with tracer data [13] we conclude that in B2 alloys the 
dijfusivity of the transition element atoms increases with deviation from stoi- 
chiometry. 
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We are presently working on developing further methods with the aim to fully 
exploit the possibilities given by the present and future highly brilliant synchrotron 
light sources. 

One project is working with grazing incidence of 14.4 keV radiation in order to 
scan diffusion in surface layers. We have demonstrated that the high brilliance of 
synchrotron radiation enables such studies which had practically been unfeasible 
with conventional Mdssbauer sources. 

Another project is making use of the coherence of synchrotron radiation for dy- 
namic X-ray speckle spectroscopy (X-ray photon correlation spectroscopy XPCS). 
This would liberate diffusion research from the serious limitation to rather high 
diffusivities in order to match the time window of the present methods (Mossbauer 
and neutron scattering) but be less selective to a special type of atoms. 

In the final figure (from [14]) we show whaf fhe fulure mighf hold for research 
on fhe elemenfary diffusion jump in addifion fo nuclear resonanf scattering of 
X-rays, neufron spin echo specfroscopy (QNS) quasielasfic and inelasfic neufron 
specfroscopy (QNS and INS). 
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Abstract. A review is given on recent high-pressure experiments using nuclear resonant scattering of 
synchrotron radiation. We shortly introduce the methodological aspects connected with high-pressure 
experiments applying nuclear forward scattering and nuclear inelastic scattering of synchrotron radi- 
ation. Selected examples for the study of magnetism are given for the Laves phases LuFe 2 and ScFe 2 , 
where we studied the variation of the magnetic ordering temperature and of the Fe band moment as a 
function of pressure. An actual example for the study of lattice dynamics is a recent investigation of 
the phonon density-of-states in metallic iron with special emphasis on hep s-Fe, where the pressure- 
induced texture is used, in conjunction with theoretical calculations, to extract density of phonon 
states as seen parallel and perpendicular to the hexagonal c-axis. 

Key words: high-pressure, magnetism in RFe 2 Laves phases, phonons in hep iron. 



1. Introduction 

Immediately with the first successful nuclear resonant scattering studies with syn- 
chrotron radiation (SR) on poly crystalline samples [1, 2] it was realised that these 
experiments are extremely suited for high-pressure experiments. This is due to the 
fact that SR exhibits already almost laser-like properties and that its collimation can 
be enhanced, with only minor loss of intensity, by optical elements like mirrors 
and X-ray lenses, to spot sizes in the 10 /xm range. Samples of this size allow, 
with diamond-anvil cells, pressures in 100 GPa (1 Mbar) range [3]. Applying the 
method of coherent (elastic) nuclear forward scattering (NES) of SR [1] for the 
investigation of magnetic properties of REe 2 Laves phases, model systems for Ee 
band magnetism, high-pressure experiments above 100 GPa were performed at 
room temperatures as well as at low temperatures [4, 5]. Even higher pressures 
were reached with the method of incoherent nuclear inelastic scattering (NIS) of 
SR [2], where the phonon density-of-states (DOS) of iron was studied at pressures 
up to 153 GPa [6, 7], 

In this review we report on recent high-pressure studies performed with ^^Ee- 
NES to study magnetic properties of REe 2 Laves phases, which demanded for 
high pressure and, simultaneously, for high temperature. We also present recent 
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high-pressure ^^Fe-NIS studies of lattice dynamics, which concentrate on a new 
aspect, namely the use of pressure-induced structural textures in an initially poly- 
crystalline sample to study the dependence of the phonon-DOS on the crystallo- 
graphic directions. Such an information is normally only obtainable by the use of 
single-crystalline samples. 

In this review, we introduce in Chapter 2 to the methodological aspects con- 
nected with high-pressure NFS and NIS experiments, here the demands on the 
beamline instrumentation and on the diamond-anvil cells. In Chapter 3 we present 
recent high-pressure and high-temperature studies of LuFe 2 and ScFe 2 and discuss, 
together with previous results on YFe 2 , the dependence of the magnetic ordering 
temperatures and hyperfine fields on the lattice spacings using theoretical predic- 
tions for magnetic band moment systems. Chapter 4 is devoted to NIS studies 
of iron with special emphasis on the phonon DOS in e-Fe, the hexagonal high- 
pressure phase, which is of special geophysical interest, since this phase constitutes 
the solid core of the Earth’s inner core. Using the texture of the pressurized sample, 
we are able to determine the phonon DOS in £-Fe as seen parallel and perpendicular 
to the hexagonal c-axis. In this respect the derived sound velocities, and a possible 
anisotropy with respect to the hexagonal c-axis, are of special geophysical inter- 
est. In the final chapter we will give some conclusions and an ouflook for fulure 
developmenfs. 



2. Experimental 

The NFS and NIS experimenfs reporfed here were performed af beamline ID22N 
of ESRF (Grenoble) employing fhe 14.413 keV gamma resonance of ^^Ee. The 
principal componenfs of ID22N are very similar and compatible wifh fhose af 
ID18, fhe ofher “Mbssbauer beamline” af ESRE [8]. A skefch of fhe sef-up of 
fhis beamline for high-pressure experimenfs is given in Eigure 1. The SR beam, 
coming from a specially adjusfed undulafor, is passing af fhe fronl window of fhe 
optical hufch fhrough a compound refraclive lens (CRL), which further reduces 
fhe (small) opening angle of fhe SR beam towards parallelism (which is especially 
useful for fhe performance of fhe high resolution monochromator (HRM)), fhen 
impinging on fhe high-heafload pre-monochromalor (PM) wifh a pair of Si(l,l,l) 
crysfals (cooled down fo abouf 120 K) wifh an energy resolufion of abouf 2 eV. The 
SR beam is fhen enfering fhe “heart” of fhe beamline insfrumenfafion, fhe HRM. 
Eor fhe NES experimenfs, fhe HRM consisfs of fwo pairs of (“nested”) Si(4,2,2) 
and Si(9,7,5) crysfals wifh a bandwidfh of abouf 4.5 meV. Eor fhe presenf NIS 
sfudies fwo pairs of Si(3,3,3) and Si(9,7,5) crysfals provided an energy resolution 
of 3.5 meV. The nexf elemenfs, a focusing monochromator and (opfional) a furlher 
CRL, reduce fhe initial beam size of abouf 1.2 mm x 0.8 mm {h x v) to fhe 
size (mosfly somewhaf smaller) of fhe sample in fhe DAC. Eor fhe presenf NES 
sfudies, fhe beam was collimated fo abouf 100 /xm x 100 /xm, for fhe presenf NIS 
experimenfs we used a 90 /xm x 60 /xm spof size wifh 3x10^ phofons/s af 90 mA 
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SR Source CRL PM HRM FM APD 1 




NFS ^ 

1 cm 



Figure 1. Upper panel: sketch of the experimental set-up at the beamline ID22N of ESRF for h.p. 
NFS and NIS studies with CRL for compound refractive lens, PM for pre-monochromator, HRM for 
high-resolution monochromator, FM for focusing monochromator, DAC for diamond-anvil cell and 
APD 1, 2, 3 for avalanche photo diode detectors used for NIS (1-1-2) and NFS (3) studies. Lower 
panel: sketches of the diamond-anvil cells used (left) for NFS and (middle) for NIS studies. On the 
right is a sketch of the diamond anvils in the DAC used for NIS studies with two different directions 
of the SR beam with respect to the diamond anvil axis (see text). 



Storage ring current. In recent NIS experiments the use of Kirkpatrick-Baez (K-B) 
multilayers [9] instead of a bent Si( 1,1,1) crystal provided a beam size of 15 /xm 
X 10 /(xm, comparable to a 5 /xm x 5 /xm size obtained with K-B mirrors in the 
above mentioned NIS experiment at 153 GPa [7]. 

We turn now to the “heart” of the high-pressure experiment, the diamond anvil 
cell (DAC). The technology for generation of high pressure (and also reliably 
monitoring its value) with a DAC is well developed, also for normal Mdssbauer 
experiments [3, 10]. Here we describe just the special needs for NFS and NIS 
experiments. As shown schematically in Figure 1 upper panel, NFS is a “straight- 
forward” method, the monochromatized beam is entering the cell via the first 
diamond, passing through the sample and leaving the cell via the second diamond. 
The photoabsorption in the diamonds is, for the 14.4 keV of ^^Fe, about 75% 
for a 5 mm path through the diamonds. One should note that for the 21.5 keV 
resonance of ^^'Eu, also successfully applied for NFS experiments with a DAC 
[4, 5, 11], the absorption in the diamonds amounts to only 40%. For ^^Fe- and 
'^'Eu-NFS experiments, a TagoW lo alloy was used as gasket material, which allows 
also for a good collimation of the SR radiation as well as for classical Mossbauer 
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experiments [5]. We developed previously a relatively small DAC, made from a 
special CuBe alloy, which allowed for NFS experiments in a cryomagnet system 
(available at the beamlines ID18/ID22N) at low temperatures and, with external 
magnetic fields [4, 5]. 

In the present high-temperature/high-pressure NFS experiments, we used a new 
DAC with the same dimensions as above, but now made from a special Ti-alloy 
with a small thermal expansion. Up to 670 K, heating was possible in air without 
corrosion of the cell, enabling the use of a simple mini-oven without vacuum or 
an inert gas atmosphere. The pressure, determined by ruby fluorescence, remained 
unchanged when increasing the temperature up to 670 K. After cooling, there was 
a small decrease of pressure by about 10%. 

For NIS experiments, one needs a quite different DAC. This is due to the fact 
that, in contrast to NFS, the spectroscopic information is not transmitted “straight- 
forward”, but, due to the inelastic and (completely) incoherent and isotropic ree- 
mission process, in the full 4jt solid angle. In addition, due to the high internal 
conversion coefficient of o; = 8.2, the majority of the information is now con- 
tained in the delayed emission of the 6.4 and 7.0 keV K„ X-rays of Fe, and 
only 11% in the re-emitted 14.4 keV y-rays. The cell has to be modified to allow 
for a detection of the re-emitted radiation mainly perpendicular to the incoming 
beam [6, 7, 12]. For this purpose, at first, beryllium, which allows for a sufficient 
transmission of the ^ X-rays of Fe, was used instead of the TagoWio alloy as 
gasket material. Secondly, the dimension of the cell was enlarged to allow for large 
opening in the cylindrical mantle, in which two avalanche photo diodes (APD) 
detectors were placed as near as possible to the pressurized sample. Thirdly, the 
diamonds were mounted in a free configuration without a supporting belt to enable 
the largest possible solid angle for the re-emitted radiation [12]. Fourthly, we had, 
in addition, modified our h.p. cells for the present experiments by two additional 
slits in the mantle, perpendicular to the openings for the APDs, allowing now also 
NIS studies with the SR beam almost perpendicular (at an angle of 70-90°) to 
the diamond anvil axis (see Figure 1 lower right panel). This modification of the 
h.p. cell enabled us to study the impact of a preferred orientation on the phonon- 
DOS in £-Fe [13]. In the (almost) perpendicular configuration, the absorption of 
the incident 14.4 keV SR radiation by the first diamond anvil is strongly reduced, 
resulting in a considerable increase of the inelastic count rate. 



3. NFS studies of magnetism at high pressures and high temperatures 

In continuation of our previous NFS and Mdssbauer studies of RFe 2 Laves phases 
(Y, Gd, Sc) at pressures up to 105 GPa and temperatures between 15 and 300 K 
[4, 5], we performed now also NFS studies at high pressures and high tempera- 
tures. Here we studied the magnetic properties of LuFe 2 (with cubic C15 structure) 
at room temperature and pressures up to 80 GPa. In addition we performed NFS 
studies of LuFe 2 at various pressures up to 39 GPa and temperatures up to 600 K. 
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We measured for ScFe 2 (with hexagonal C14 structure) NFS spectra at pressures 
up to 16 GPa and temperatures up to 650 K, in continuation of previous NFS and 
Mdssbauer studies [4, 5, 14]. Our present interest was focused on the variation 
of the magnetic ordering temperatures Tq in LuFe 2 and ScFe 2 with pressure. In- 
terestingly, one observed for YFe 2 , isostructural to LuFe 2 , first an increase of Tq 
(monitored by a magneto-elastic anomaly seen in h.p. XRD measurements) and 
then, at higher pressures, by our NFS and Mdssbauer studies, a continuous decrease 
of 7c with pressure [4]. 

Figure 2(a) shows NFS spectra of LuFc 2 at various pressures up to 80 GPa. The 
NFS spectra were fitted, according to the properties of C15 Laves phases [4, 5] 
with two magnetically different sites with (slightly) different hyperfine fields Bhf 
and different angles with respect to main axis of the quadrupole interaction tensor, 
A^q. Details of these fits, which did not take into account effects of magnetic 
texture and pressure distributions, can be found in [15, 16]. The spectra reveal, 
with increasing pressure, a decrease of Bhf and an increase of A^q, from AEq = 
(— )0.33 mm/s at 0 GPa to (— )0.65 mm/s at 80 GPa, where the NFS spectmm 
exhibits a pure quadrupole interaction. From the variation of with pressure we 
derived a magnetic ordering temperature of 295 K around 75 GPa [15]. 

Figure 2(b) shows typical NFS spectra of LuFc 2 at 18 GPa and various (in- 
creasing) temperatures from 295 to 585 K. The sample thickness was larger than 
in the pressure series (Figure 2(a)); because of this and the focusing optics, NFS 
spectra of good statistics could be recorded within 10 minutes. The disappearance 
of the magnetic structures and the occurrence of a “sharp” Bessel beat (due to 
thickness effects) [17] in the NFS spectra at the highest temperatures indicate the 
absence of magnetic order. From a series of additional spectra between 300 and 
585 K, taken during heating and cooling of the h.p. cell, we derived a magnetic 
ordering temperature of Tq = 573(5) K at 18 GPa. Figure 3(a) presents a plot 
of the (inverse) NFS counting rate around the Bessel minimum from 48 to 64 ns 
(normalized with the overall NFS count rate in the time interval 20 to 160 ns (see 
Figure 3(a)). The magnetic ordering temperature Tq is attributed to the maximum 
of the inverse count rate in Figure 3(a), the decrease at higher temperatures is due to 
the shift of the Bessel minimum to larger times because of a concomitant decrease 
of the /-factor with increasing temperatures [17]. 

All magnetic ordering temperatures Tm obtained for LuFe 2 and ScFe 2 as well 
as for YFe 2 are plotted in Figure 3(b) as a function of the Fe-Fe distance Jpe-Fe- 
Such a presentation allows for the direct comparison of the C15 (LuFe 2 , YFe 2 ) 
and C14 (ScFe 2 ) structures, since the local surroundings of the Fe sites, numbers 
of neighbours and coordination, are identical or very similar for the two struc- 
tures [4]. The pressure dependence of the lattice parameters of the investigated 
RFe 2 systems was determined either by angle-dispersive X-ray diffraction (XRD) 
studies performed with the same DACs as used in the NFS experiments at beamline 
ID30 of ESRF or by energy-dispersive XRD studies at beamline F3 of HAS YLAB 
(DESY, Hamburg) [16, 18]. 



Intensity Intensity Intensity Intensity Intensity 
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(a) LuFe2 @ 295 K (h) LuFe2@18GPa 
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Figure 2. (a) NFS spectra of LuFc 2 at 295 K and various pressures, (b) NFS spectra of LuFe 2 at 
18 GPa and various temperatures. 
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dFe-Fe(A) 

Figure 3. (a) Normalized inverse NFS countrate at the Bessel minimum observed for LuFe 2 at 
18 GPa above the ferromagnetic ordering temperature Tq (see shaded area in Figure 2(b)). (b) Mag- 
netic ordering temperatures Tm, obtained from NFS (full symbols) and from XRD [15] (open 
symbols) studies, and (c) magnetic hyperfine fields in LuFe 2 , ScFe 2 and YFe 2 at room tem- 
perature and various pressures as a function of the Fe-Fe distances c/pe-Fe- The data of YFe 2 and, in 
part, of ScFe 2 are from [4, 5]. The Fe-Fe distances rfpe-Fe were derived from XRD studies [16, 18]. 
The dotted lines in (b) and (c) are guides to the eyes; for ScFe 2 , the fm-afm transition at 35 GPa is 
indicated by a double bar. 



Figure 3(c) exhibits the magnetic hyperfine fields Bhf of LuFc 2 , ScFc 2 , and 
YFc 2 , measured at various pressures at room temperature, plotted also versus Jpe-pe- 
The continuous decrease of 5hf down to dpe-pe = ~2.37 A (corresponding for 
ScFc 2 to ~30 GPa and for LuFc 2 to ~40 GPa) as well as for YFc 2 to ~2.40 A 
(corresponding to ~50 GPa) indicates, when compared with the variation of Tq 
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values and extrapolated to saturation values T = Q K), also to a contin- 

uous decrease of the Fe band moment, assuming, as discussed in [4], a direct 
proportionality between Bhf and the Fe moment /xpe- 

The most interesting magnetic property for all 3 systems is the initial increase 
of the ferro-magnetic (fm) ordering temperatures Tq with pressures (Figure 3(b)). 
We observe for LuFe 2 first an increase from 562 K at 0 GPa to 605 K at 10 GPa 
and then a decrease to 490 K at 30 GPa and finally to 295 K at about 75 GPa (see 
Figure 2(a)), similar to the observations in the previous studies of YFe 2 [4, 5]. For 
ScFe 2 (with hexagonal C14 structure), with less data points, a similar behavior of 
Tq is indicated. We know from previous NFS and Mdssbauer studies that ScFe 2 is 
ferromagnetically ordered up to a pressure of 35 GPa, above which a transition 
to antiferromagnetic (afm) order takes place, evidenced, similar to TiFe 2 , by a 
nonmagnetic 2a site [5, 14, 19]. 

The variation of the ferromagnetic ordering temperature Tq as well as of the 
magnetic moments (via the hyperfine fields fipf) is very similar for the 3 inves- 
tigated RFe 2 systems. It can be discussed in a model for ferromagnetism with 3d 
band moments in intermetallic compounds, developed by Wohlfahrt [20]. Applying 
this model for the present RFe 2 systems, the ferromagnetic ordering temperature 
Tq is determined in a mean-field approach by 



where Ape-Pe accounts for the ferromagnetic exchange between the Fe band mo- 
ments /xpe. These band moments are depending sensitively on the Jpe-pe distance, 
the 3d bandwidth is increasing with d^^_p^ [20], causing a concomitant decrease 
of the 3d electron density-of-states at the Fermi level, D(£p). Taking the variation 
of the band moment with the lattice spacing into account, Wohlfahrt et al. [20] 
derived the following pressure variation of Tq-. 



where k is the compressibility and a is a term which accounts for the variation 
of the band moment with the lattice spacing. The observed initial increase of Tq 
with pressure points to a dominance of the first term of Equation (2), indicating a 
strong increase of the ferromagnetic exchange via a RKKY mechanism, overcom- 
pensating the concomitant decrease the band moment, the latter contained in the 
second term of Equation (2). At higher pressures, the second term becomes domi- 
nant and ATc/Ap changes its sign to a negative value, as experimentally observed. 
This proves that Equation (2) can qualitatively explain the observed variation in 
all three systems at pressures up to about 30 GPa, since Tq and /xpe as well as 
the Ee-Ee distances are very similar. At higher pressures and smaller moments 
the behaviour changes more drastically, possibly also due to afm interactions and, 
finally, due to a complete loss of the band moment. This loss of magnetism was 
observed in YEe 2 by additional measurements at low temperature around 90 GPa, 
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corresponding to Jpe-Fe (p 2.3 A [4, 5]. From the very similar variation of Bhf and 
Tm in LuFe 2 and YFe 2 with C15 structure, a similar critical value of d^e-Fe can 
be expected for LuFe 2 - ScFe 2 with C14 structure may behave different from YFe 2 
and LuFe 2 , especially above the fm-afm transition around 35 GPa, then similar to 
TiFe 2 [19]. A more detailed account will be given elsewhere [21]. 



4. NIS high-pressure study of phonon density-of-states in hep iron 

The new technique of nuclear inelastic scattering (NIS) introduced in 1995 [2] is 
especially suited to measure phonon density-of-states (DOS) of Mdssbauer nuclei. 
The first high-pressure NIS studies with the 14.4 keV resonance were devoted to 
metallic iron, where the phonon-DOS of cubic (bcc, a-Fe) and, after the pressure 
induced phase transition around 13 GPa, of the hexagonal (hep, e-Fe) phase was 
studied first at the ESRF up to 42 GPa [6] and then at the APS at pressures up to 
153 GPa [7]. The phonon DOS of e-Fe and the derived thermodynamic parameters, 
e.g., the sound velocities, are of actual geophysical interest, since this iron phase is 
the main component of the Earth’s solid inner core. Here we report on recent NIS 
experiments performed at the ESRE, where the phonon DOS in a-Ee and e-Ee was 
measured up to 40 GPa with a spectral resolution of 3.5 meV [13], an considerable 
improvement in comparison to ~6.5 meV of the first study [6]. Here we put our 
emphasis on e-Ee and use the texture, often produced in a high-pressure cell, to 
extract information on the phonon DOS as seen parallel and perpendicular to the 
hexagonal c-axis of £-Ee. It is known that e-Ee orients, after the bcc-hcp transition 
around 13 GPa, with the c-axis preferentially parallel to the load axis of the high- 
pressure cell, which is the diamond anvil axis in the DAC (see Eigure 1 lower right 
panel). 

The experimental set-up, in particular the special DAC used for ^^Ee-NlS ex- 
periments is described in Chapter 2. Typical NIS spectra recorded for a-Ee (bcc) 
at ambient pressure and for e-Ee (hep) at 40 GPa are shown in Eigure 4(a). The 
spectra exhibit drastic differences due to (i) the different structures and (ii) the 
different binding strength, the latter also reflected by the intensity of the (inelastic) 
side wings, which scale with 1 — /lm, where /lm is the Lamb-Mossbauer factor 
for the elastic (recoil-free) scattering of the gamma radiation [2]. 

The corresponding phonon DOS of a-Ee (at 0 GPa) and e-Ee (at 40 GPa), 
derived from the measured NIS spectra by subtraction of multi-phonon excitations 
and by the elastic line [2], are shown in Eigure 4(b). They exhibit characteristic 
spectral features (peaks) for the a- and e-phase and, as already visible in the NIS 
spectra, a clear shift of all spectral features to higher energy. Additional high- 
pressure NIS spectra of a-Ee may be found in [7, 13]. Here we concentrate on 
e-Ee, where one observes systematic differences in the phonon DOS for spectra 
taken at 28 and 40 GPa with two different orientations, 0° and 75°, of the h.p. cell 
with respect to the beam (see Eigure 5). This indicates the existence of a preferred 
orientation in the e-Ee sample with implications on the phonon spectra. 
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Figure 4. (a) NIS spectra in a-Fe (0 GPa, full dots) and in e-Fe (40 GPa, open dots). The NIS spectra 
are shown after normalisation according to the procedure in [2], The intensity of the inelastic part 
(sidebands) decreases by about 50% between 0 and 40 GPa, reflecting the change in /lm from 0.80 
to 0.88. (b) Phonon-DOS g{E) of a-Fe (0 GPa, full dots) and e-Fe (40 GPa, open dots) derived from 
the NIS spectra in (a). 



In order to explain the dependence of the observed phonon DOS on the orien- 
tation of the h.p. cell, theoretical calculations of the phonon dispersion relations 
and the derived phonon DOS were performed for e-Fe with an ab initio method 
described in [7, 13, 22]. Figure 6 exhibits the dispersion relations for different 
directions in the Brillouin zone of the hep lattice calculated with the lattice para- 
meters of e-Fe at 40 GPa [23]. The dispersion relations were used to derive the 
integral phonon DOS g{E) for a polycrystalline sample. The theoretical DOS is 
shown in Figure 7(a) and compared in Figure 7(d) with the experimental DOS, 
obtained, in order to randomize texture effects, by adding the normalized DOS of 
the NIS spectra measured with 0° and at 75° orientations. 

Figures 7(b) and (c) exhibit the calculated phonon DOS as seen parallel and 
perpendicular to the hexagonal c-axis. The projected phonon DOS along the c-axis 
exhibits two sharp features of the two optical phonon branches at the F point of 
the Brillouin zone; the projected DOS perpendicular the c-axis, averaged over the 
(a, b) plane, exhibits a multi-peaked structure with a maximum around 38 meV. 

In order to explain the derived experimental phonon DOS shown in Figures 7(e, 
f), one has to remind that the probability of nuclear inelastic scattering varies with 
cos^!?, where ■& is the angle between the k- vector of the incident synchrotron radia- 
tion and the polarization vector of the excited or annihilated phonons, as proved by 
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Figure 5. Phonon DOS, g(E), of s-Fe (a) at 28 GPa and (b) at 40 GPa. Full dots correspond to 
measurements performed at an angle of 0° between the SR beam and the axis of the diamonds, open 
dots to measurements performed at an angle of 75° . 




Figure 6. Dispersion relations of g-Fe at 40 GPa calculated by an ab initio method [13, 23] with the 
standard assignments of the directions in the first Brillouin zone. 



NIS studies of single crystalline samples [24, 25]. Assuming a preferred orientation 
of the c-axis of e-Fe along the diamond axis, then the theoretical DOS as displayed 
in Figure 7(b) should be enhanced and the one perpendicular to the c-axis shown 
in Figure 7(c) should be diminished in the experimental 0°-NlS spectra. When 
measured at 75° with respect to the diamond axes, just the opposite should be the 
case. Other crystallographic directions, e.g., the (1,0,1) direction, should vary much 
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Figure 7. (a)-(c): Theoretical phonon DOS of e-Fe derived from the dispersion relations of Figure 6: 
(a) total phonon DOS for a poly crystalline sample, (b) projection of the DOS along the c-axis and 
(c) perpendicular to the c-axis within the a,b-plane. Due to van Hove singularities of the optical 
modes, the DOS seen parallel to the c-axis could not be normalized in (b). (d)-(f): Experimental 
phonon DOS of e-Fe (d) from addition of the normalized phonon DOS measured at 0° and 75° (see 
Figure 3), (e) phonon DOS as obtained from the 0° DOS after subtraction of 80% of the 75° DOS, 
(f) phonon DOS as obtained from the 75° DOS after subtraction of 80% of the 0° DOS. 



less, since they are less influenced by a texture of the c-axis as directly reflected 
by the corresponding peaks in the XRD spectra [26, 27]. It is then obvious that 
texture effects can be enhanced in the 0° and 75° spectra by subtracting appropriate 
amounts of the normalized DOS spectra observed at 75° and 0°, respectively. Fig- 
ures 7(e, f) show such subtracted DOS spectra, which exhibit the most pronounced 
differences when 80% of the spectra of the other direction were subtracted. Con- 
sidering that the experimental spectral resolution of 3.5 meV is not contained in the 
theoretical spectra, then there is very good agreement in the characteristic spectral 
features between the theoretical total DOS and the averaged experimental DOS 
in Figures 7(a) and (d) as well as between the projected DOS and the subtracted 
experimental DOS in Figures 7(b, c) and (e, f). 

With this information we attribute the peaks at 27 (28) meV and 44 (46) meV 
in the 28 (40) GPa DOS spectra to the optical modes seen along the c-axis. This 
interpretation is supported by recent Raman studies of e-Fe [28, 29], where the 
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Raman active £ 2 ^ mode was observed at frequencies of 215 cm“' (28 GPa) and 
225 cm“^ (40 GPa), which corresponds exactly to the maxima at lower energy in 
the measured phonon DOS. 

The derived thermodynamic and elastic parameters of e-Fe can be also used 
to look for a possible anisotropy with respect to the c-axis. It may be reminded 
that the observed anisotropy in the sound velocities of the Earth’s inner core were 
speculatively attributed to a highly textured e-Fe core [30, 31]. The present values 
for the average sound velocities ud, derived from the slope of the phonon DOS in 
the low energy range from 0 to 14 meV [13], with ud = 4.47(6) and 4.43(6) km/s at 
28 GPa and ud = 4.70(6) and 4.49(6) km/s for 40 GPa at 0° and 75°, respectively, 
indicate, still within the error bars, slightly higher ud values along the c-direction. 
The difference is more pronounced for the derived Debye temperatures with ©d = 
507(5) K and 499(5) at 28 GPa and ©d = 550(5) K and 527(5) K at 40 GPa 
at 0° and 75°, respectively. Future NIS studies on highly-textured e-Fe samples, 
performed at higher pressures and higher statistical accuracy, may allow to answer 
the question about anisotropic elastic properties of e-Fe with implications for the 
Earth’s core. 



5. Summary 

High-pressure experiments applying both NFS and NIS have made a big progress 
in the last few years; studies of extremely small samples (in the /xg and even sub- 
/xg range) are possible at pressures well above 1 Mbar, where other methods have 
difficult or no access. The option of high or low temperatures has been already 
widely applied for NFS. First NIS studies at high pressure and high temperature 
were just recently performed at the APS [32]. 

NFS h.p. studies of the RFe 2 Laves phases deliver detailed information on the 
variation of the magnetic properties as function of pressure and temperature, to- 
gether with accompanying XRD h.p. studies, a magnetic phase diagram has been 
established. 

NIS h.p. studies enable in an unprecedented way the study of the phonon DOS 
in iron well above 1 Mbar with access to important elastic and thermodynamic 
parameters of geophysical interest. Texture can be used for a mode-selective analy- 
sis of the DOS and for a search of an anisotropy in the sound velocities of e-Fe. 
Similar ^^Fe-NlS h.p. studies are presently applied to Invar alloys as well as to 
Fe(2-|-) systems with high-spin/low-spin transitions [33]. Also the '^®Sn-resonance 
has been successfully used for high pressure NIS studies [34]. 
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Abstract. Using a diamond anvil cell and a low-temperature cryostat with a superconducting sole- 
noid, high-pressure ^^Fe Mossbauer spectroscopy with a radioactive source at 4.5 K under external 
magnetic fields up to 7 T has been developed. Pressure-temperature magnetic phase-diagrams for 
perovskite iron oxides, SrFe03, CaFe03 and Sr2LaFe309 are presented up to about 70 GPa. High- 
pressure Mossbauer measurements under external magnetic fields proved that the electronic ground 
states of these oxides switch to uniform-charge and ferromagnetic (and most probably metallic) states 
under extremely high pressure. 

Key words: DAC, high pressure, perovskite, CaFe03, SrFe03, Sr2LaFe30g, magnetic phase dia- 
gram. 



1. Introduction 

Various types of metal-insulator transitions and related phenomena in strongly 
correlated electron systems such as 3d transition metal oxides have been exten- 
sively studied [1]. Perovskites containing Fe-0 octahedra, in which the iron has 
an unusually high valence state of Fe^+ {d^), provide us with a unique and inter- 
esting class of compounds. Measurements of photoelectron spectra and the Hall 
effect for SrFe03 have suggested that the electric and magnetic properties are 
dominated by oxygen hole character [2, 3]. Fe"^+ is expressed as Fe^+L, where 
L stands for a hole in the oxygen octahedron. The dynamics of holes leads to a 
variety of ground states such as metallic antiferromagnetism with a screw spin 
structure for SrFe03 [4, 5], a metal {T > 290 K, orthorhombic) to semiconductor 
(T < 290 K, monoclinic) transition coupled to the breathing phonon mode for 
CaFe03 [6-9]. Furthermore, Sr2LaFe309, with a formal valence of Fe^^/^+, may 
be considered as SrFe03 doped with electrons so that the hole concentration is 
decreased to 2/3. Although the 0 2p holes remain delocalized in SrFe03, those in 
Sr2LaFe309 become confined in two-thirds of the oxygen (111) layers, or the doped 
electrons become confined in one-third of these layers, so that two kinds of Fe sites 
are generated in such a way that 3(Fe^+L^^^) (paramagnetic metal, T > 200 K) 
converts to 2Fe^+ + Fe^+L^ (antiferromagnetic (AF) insulator, T < 207 K) [10- 
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12]. The accompanying structural change is known to be much smaller [10-13] 
than for CaFeOa- 

Fe^^+ oxides generally change their electronic properties remarkably under high- 
pressure [14-17]. We have shown that the transition in CaFeOs occurred at an 
almost constant temperature of 290 K below 17 GPa but disappears above 20 GPa 
[17] and pressure induces in Sr 2 LaFe 309 the switching from the charge-dispro- 
portionate antiferromagnetic state to the charge-uniform (most probably metallic) 
ferromagnetic state [18, 19]. 

In this paper, we report on the pressure-temperature magnetic phase-diagrams 
of SrFeOa, CaFeOa and Sr 2 LaFe 309 determined by using high-pressure ^^Fe Mdss- 
bauer spectroscopy in a diamond anvil cell (DAG) and a low-temperature cryostat 
with a superconducting solenoid. Especially the effects of the external magnetic 
field on the Mdssbauer spectra under high pressure will be discussed. We present 
some direct evidence of the electronic ground states switching to the charge-uni- 
form ferromagnetic states under extremely high pressure. 



2. Experimental 

The high-pressure ^^Fe Mdssbauer measurements were performed in transmission 
geometry using a DAG of Basset type [20]. ^^Fe-enriched (usually 50%) sample 
powder and fine ruby powder were enclosed in fhe hole of a Re gaskef wifh a di- 
amefer in fhe range 200 fo 600 /xm. The pressure-fransmiffing medium was a 4 : 1 
mefhanol : efhanol solufion. Ruby manomefry was used fo determine fhe pressure 
af 300 K and 77 K. The pressure af 4.5 K is assumed fo be fhe same as fhe pressure 
af 77 K. A high-densify y-ray source of 370 MBq ^^Co in Rh (0.5 mm x 0.5 mm 
in size) and a common y-ray source of 975 MBq ^^Co in Rh (4 mm in diamefer) 
were used. The velocity scale of fhe specfrum was relafive fo a-Fe af room femper- 
afure. A high-pressure Mdssbauer cryosfaf wifh superconducting solenoids and fhe 
Mdssbauer velocity fransducer was used. For fhe defecfion of fhe y-rays a Xe-filled 
proportional counfer was used. The direction of fhe magnefic field is parallel fo fhe 
direction of fhe y-rays. High magnetic fields were applied fo fhe absorber specimen 
and also inevifably fo fhe y-ray source. Since fhe Fe in Rh mafrix has a local 
magnefic momenf, alfhough ifs spin glass behavior requires rafher large concenfra- 
fion of magnetic impurify [21], one can expecf induced hyperfine fields af fhe ^^Fe 
nuclei in Rh. In Ibis invesfigafion we defermined fhe line-shapes of fhe ^^Fe Mdss- 
bauer specfra rising from fhe ^^Co in Rh source (975 MBq, 4 mm x 4 mm x 6 /xm) 
experimenfally af 4.5 K under exfemal magnefic fields up fo 7 T, as shown in 
Figure 1. The induced hyperfine fields af ^^Fe nuclei in fhe Rh source af 4.2 K 
were observed and determined as a funclion of //ext from fhe measuremenfs wifh a 
Pd-2%Fe single line absorber placed oufside fhe cryosfaf. In fhese measuremenfs, 
fhe induced hyperfine fields af ^^Fe nuclei in Rh have nearly fhe same magnifude 
buf fhe opposite direction wifh respecf fo whaf was reporfed previously [22]. As 
shown in Figure 1, fhe observed fofal hyperfine fields are cancelled wifh each ofher 
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S = 4.2 K A = 298 K 




Velocity, v / mm s ^ 

Figure 1. Typical Mossbauer spectra obtained from the combination of ^^Co in Rh 

(4 mm X 4 mm x 6 /rm) source under high magnetic fields up to 7 T at 4.5 K placed inside of 
the high pressure Mossbauer cryostat with superconducting solenoids and Pd-2%Fe absorber under 
no magnetic field at 300 K placed outside of the cryostat. Velocity scale is relative to a-Fe at 300 K. 



and rather single-line like Mossbauer absorption spectra have been observed for 
the Pd-2%Fe absorber placed outside the cryostat. The spectral shape under high 
magnetic field is rather complicated. However, in this investigation we focused our 
attention on the intensity change of the Am = 0 (2nd and 5th) absorption lines in 
Mossbauer spectra induced by the longitudinally applied external magnetic fields. 



3. Results and discussion 

The high-pressure ^^Fe Mossbauer spectra of SrFe 03 have been reported already in 
[23]. At ambient pressure and 298 K, the spectrum is a paramagnetic singlet typical 
(non-charge disproportionation paramagnetic phase; NCD P) for the valence state 
of Fe"^+(or Fe^+L). With a decrease in temperature, magnetic ordering (non-charge 
disproportionation magnetic order phase; NCD MO) occurs below 134 K. At 4.5 K, 
the spectrum consists of a magnetically split sextet of Fe"^+ (or Fe^+L) and its 
hyperfine field is 33.1 T corresponding to Fe^+ in a high-spin configuration. 

Essentially the same behavior is preserved up to 15 GPa, although the magnetic 
ordering temperature increases to 210 K at 15 GPa. By measuring the count-rate at 
zero Doppler velocity as a function of temperature (Mossbauer thermal scanning 
method), the pressure-dependent magnetic ordering temperatures have been deter- 
mined. In the pressure range between 15 and 17 GPa, the Mossbauer spectra change 
markedly and the magnetic ordering temperature suddenly increases to more than 
400 K. These results have been summarized in a pressure-temperature (P-T) mag- 
netic phase diagram as shown in Figure 2. No change in the crystal structure has 
been observed up to 56 GPa in a high-pressure X-ray diffraction study. In order 
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Figure 2. Pressure-temperature (P-T) magnetic phase diagram for SrFe03 determined by the 
high-pressure ^^Fe Mossbauer spectroscopy. Non-charge disproportionation paramagnetic phase is 
denoted as NCD P. Non-charge disproportionation magnetic ordered phase is denoted as NCD MO. 



to determine the magnetic structure under high pressure, the Mossbauer spectra 
at 13 GPa and 4.5 K have been measured under longitudinally applied external 
magnetic fields. SrFe03 shows a helical spin structure at ambient pressure and the 
Mossbauer spectrum under external high magnetic fields shows an enhancemenf of 
fhe intensifies of fhe Am = 0 (2nd and 5fh) absorption lines due fo fhe spin-canling 
[23], as shown in fhe bottom specfrum of Figure 3. However, fhe specfral shapes af 
4.5 K and 13 GPa are quite differenl from fhe shape in fhe specfrum measured af 
ambienf pressure as shown in Figure 3. Mossbauer specfra under external magnetic 
fields show fhe nearly complete vanish of fhe 2nd and 5fh absorption lines, which 
suggesfs fhaf fhe magnefic momenfs of SrFe03 af 13 GPa and 4.5 K align in fhe 
direction of fhe external magnetic field. Even af 1 . 1 T almosf all magnefic momenfs 
align in the direction of the external magnetic field suggesting a ferromagnelic 
coupling of fhe Fe magnetic momenfs af 13 GPa and 4.5 K. The remarkable line 
broadening observed under high magnetic fields is due fo fhe line broadening of 
the ^^Co source in Rh, but the nearly complete disappearance of the 2nd and 5th 
absorption lines is clearly seen. From the above results, we can conclude that the 
spin-structure of SrFe03 shows a switching from a helical to a ferromagnetic one at 
a pressure of 13 GPa. The critical pressure at which the transition from helix to fer- 
romagnetic occurs has not yet been determined precisely, although the preliminary 
results obtained show that the helical structure still survives at 5 GPa and 4.5 K. 

The crystal structure of CaFe03 is of the GdFe03-type [6-8] and the Fe-O-Fe 
bond angle is about 160° at ambient pressure, lower than the 180° bonding angle 
found in SrFe03- Therefore the p-d hybridization effect in CaFe03 is weaker than 
in the case of SrFe03- CaFe03 shows a bad conductivity around room temperature 
in comparison with SrFe03 and the metal-insulator transition occurs at 290 K. 



HIGH-PRESSURE MOSSBAUER SPECTROSCOPY OF PEROVSKITE IRON OXIDES 



123 




Figure 3. Typical Mijssbauer spectra obtained from SrFe 03 at 13 GPa and 4.5 K with and 
without longitudinally applied external magnetic fields of 1.1, 3.3 and 7.8 T. The high-magnetic-field 
Mossbauer spectrum at 4.5 K and 7 T under 0. 1 MPa is shown in the lowest spectrum. The spectrum 
can be analyzed by using 4 sublattice model and shows clearly the enhancement of the intensities for 
the Am = 0 absorption lines. The velocity scale is relative to cr-Fe at 300 K. 



At the same temperature the Mossbauer spectrum becomes split gradually into 
two absorption lines suggesting a charge disproportionation (charge separation: 
2Fe"^+ (or Fe^+L) -o- Fe^'*' + Fe^'*' (or Fe^+L^)) with two different charge states 
with decreasing temperature in a second-order transition. CaFeOa below 125 K 
as well as SrFe 03 below 134 K show an antiferromagnetic long-range order with 
a helical spin structure. Pressure effects on the charge disproportionation and the 
magnetic ordering of CaFe 03 have been investigated up to 65 GPa and summarized 
in the pressure-temperature phase diagram shown in Figure 4 [17]. The magnetic 
ordering temperature increases with increasing pressure, but the charge dispropor- 
tionation temperature does not show any significant change up to 17 GPa and is 
suddenly suppressed above 20 GPa. Below 17 GPa the localization of charge at 
the Fe sites occurs and the resultant Mossbauer spectra consist of two components 
rising from Fe^+ and Fe^+ (or Fe^+L^) below 290 K. Above 20 GPa, the spectra 
show a single component with a uniform charge state of Fe"^+ (or Fe^+L,). Simi- 
larly to the case of SrFe 03 , the Mossbauer spectra under a longitudinally applied 
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Figure 4. Pressure-temperature (P-T) magnetic phase diagram for CaFe03. The low-pressure 
phases are a non-charge disproportionated paramagnetic phase (NCD P), a charge disproportion- 
ated paramagnetic phase (CD P) and a charge disproportionated antiferromagnetic phase (CD AF) 
depending on the temperature and the pressure. The high-pressure phase is a non-charge dispropor- 
tionated, magnetically ordered phase (NCD MO). Each boundary determined by the experiments is 
shown as squares, triangles and circles. 



external magnetic field have been measured for CaFe03 at 39 GPa and 4.5 K. The 
Mossbauer spectrum for CaFe03 at 39 GPa and 4.5 K under an external magnetic 
field of 7 T applied longifudinally fo fhe y-ray propagafion direcfion clearly shows 
fhe disappearance of fhe Am = 0 lines, suggesting a ferromagnelic coupling of 
Fe in fhis compound. However, fhe response fo fhe external magnefic fields of fhe 
magnefic momenfs in CaFe03 differs slighfly from fhe case of SrFe03- Even af 
3 T fhe Fe magnefic momenf in CaFe03 does nof align fo fhe direction of fhe 
external magnetic field, allhough an external magnetic field of 1.1 T is enough 
fo align complelely fhe Fe magnefic momenf in SrFe03. Therefore, fhe eleclronic 
ground slates of SrFe03 and CaFe03 under high pressure are ferromagnelic bul fhe 
delailed eleclronic slruclure mighl be differenl in fhe Iwo compounds. Ferromag- 
netic CaFe03 under high pressure has a ralher large magnetic anisolropy energy as 
compared fo SrFe03. 

Sr2LaFe309 has fhe same cubic perovskile slruclure as SrFe03 and may be con- 
sidered as SrFe03 doped wilh elections. Af ambienl pressure fhis compound shows 
a melal-insulalor tiansilion af 207 K. Af fhe same lemperafure a magnefic tiansilion 
occurs from a paramagnetic melal fo an antiferromagnetic insulalor. Af ambienl 
pressure a paramagnetic singlel corresponding fo fhe charge non-disproporlionaled 
slate was observed above 207 K, while fhe low lemperafure speclra consisl of 
Iwo magnelically splil componenls. The change around 200 K is recognized as 
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Figure 5. Pressure-temperature (P-T) magnetic phase diagram for Sr 2 LaFe 309 determined by the 
high-pressure ^^Fe Mossbauer spectroscopy. NCD P: Non-charge disproportionation paramagnetic 
phase. CD AF: Charge disproportionation antiferromagnetic phase. NCD FM: Non-charge dispropor- 
tionation ferromagnetic phase. Boundaries between NCD P and CD AF were determined by using 
Mossbauer thermal scanning method and the transition between these phases is first-order indicating 
a slight hysteresis of the transition temperatures. Squares and circles show maximum and minimum 
transition temperatures at each pressure. Vertical dashed lines show the boundary between charge dis- 
proportionated antiferromagnetic phase and the charge non-disproportionated ferromagnetic phase, 
although the boundaries at 4.5 K and above 300 K were determined experimentally. 



a first-order transition. Essentially the same behavior was observed up to 21 GPa, 
except for the decrease of the transition temperature. These pressure effects on 
Sr2LaFe309 are summarized in the pressure-temperature phase diagram shown 
in Figure 5. In the pressure range 21 to 25 GPa the charge disproportionation is 
suppressed but the magnetic transition temperature is suddenly increased to more 
than 400 K. Figure 6 shows typical Mossbauer spectra obtained for Sr2FaFe309 
at 42 GPa and 4.5 K with and without longitudinally applied external magnetic 
fields. The intensities of the 2nd and 5th lines in the spectra nearly vanish when the 
external magnetic fields exceed 2 T, indicating that the magnetic moment of Fe in 
this compound is aligned parallel to the direction of the external magnetic fields. 
From these results we can conclude again that pressure switches the electronic 
ground state from the antiferromagnetic and charge disproportionated state to a 
ferromagnetic and charge non-disproportionated state. In the Mossbauer spectrum 
measured under an external magnetic field of 1 T, the 2nd and 5th lines are slightly 
visible as shown in Figure 6, indicating that the magnetic anisotropy of ferromag- 
netic Sr2FaFc309 under pressure is stronger than in SrFe03 but weaker than in 
CaFe 03 . 



126 



S.NASUETAL. 




Velocity, v/ mm s * 

Figure 6. Typical Mossbauer spectra obtained for Sr 2 LaFe 30 g at 42 GPa and 4.5 K with and 
without longitudinally applied external magnetic fields of 1, 2 and 3 T. The velocity scale is relative 
to a-Fe at 300 K. 



4. Summary 

The pressure-temperature magnetic phase-diagrams of SrFeOa, CaFeOs and 
Sr2LaFe309 have been determined by applying high-pressure ^^Fe Mossbauer spec- 
troscopy using a DAC and a low-temperature cryostat with a superconducting 
solenoid. The effects of the external magnetic field on the Mossbauer spectra under 
high-pressure have been discussed in detail. We found direct evidence for the elec- 
tronic ground states switching to charge-uniform ferromagnetic states from antifer- 
romagnetic (with helical spin-structure) metal (SrFe03), antiferromagnetic (with 
helical spin-structure) insulator (CaFe03) and antiferromagnetic (with collinear 
spin-structure) insulator (Sr2LaFe30g) under extremely high pressure. 
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Abstract. Thin films are playing a more and more important role for technological applications 
and there are many aspects of materials surface processing and thin film production, ranging from 
simple heat treatments to ion implantation or laser surface treatments. These methods are often 
very complicated, involving many basic processes and they have to be optimized for the desired 
application. Nuclear methods, especially Mossbauer spectroscopy, can be successfully applied for 
this task and some examples will be presented for laser-beam and ion-beam based processes. 

Key words: laser, ion-beams, magnetic texture, iron carbides, CEMS, CXMS, MOMS, spin orienta- 
tion. 



1. Introduction 

Coating formation and surface processing is becoming a key technology in materi- 
als science. Thin films are becoming more and more important in the application of 
smart materials. This covers the improvement of surface properties such as hard- 
ness, corrosion resistance, wear resistance, friction, electrical, thermal, magnetic, 
and optoelectronic properties for specific applications [1, 2]. Many fechniques 
evolved for fhe preparafion of fhin films and coatings. Here, we presenf a mefhod 
involving shorf pulsed laser irradiation for fhe direcf synfhesis of surface layers in 
reactive afmospheres, anofher advanced mefhod of surface freafmenf. Irradiafion 
of surfaces wifh shorf laser pulses of high intensify in a reactive afmosphere can 
resulf in a direcf coating formafion if fhe freafmenf paramefers are properly ad- 
jusfed [3-5]. Pulsed-laser nifriding and laser carburizing are attractive mefhods fo 
improve mefal surface properties, such as hardness, wear and corrosion resisfance, 
with the advantage of simple experimental set-up, rapid treatment and precise 
process control. 

In the last few years ion beam irradiation of ferromagnetic thin films, tens 
of nanometers fhick, was found fo be a very efficienl way fo induce magnetic 
anisofropy due fo inverse magnefoslricfion effecls [6, 7]. In particular, sfudies on 
magnefic fexfuring associafed wifh noble-gas ion irradiation have been esfablished 
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in nickel, iron and permalloy films [8-13], and the dependence on important pa- 
rameters such as ion energy, ion fluence, substrate temperature, applied magnetic 
field and mechanical strain has been investigated. Also different mechanisms have 
been found as shown for Co/Pt multilayers [14, 15]. In most previous investi- 
gations, the magnetic properties were analyzed using methods probing the near- 
surface part of the films, such as magneto-optical methods or magnetic force mi- 
croscopy [13-15]. Angle-dependent Mdssbauer spectroscopy of ^^Fe marker- 
layers, placed in different depths of "“‘Fe films offers a very elegant way to gather 
depth-sensitive information on anisotropic magnetic hyperfine fields and spin ori- 
entations [16]. Up to now, this technique has mainly been applied to character- 
ize structural and electronic properties of single crystals [17, 18]. A promising 
approach to gain information about the spin distributions in different sample lay- 
ers by using depth-sensitive and angle-dependent Conversion Electron Mdssbauer 
Spectroscopy is presented here in combination with magneto-optical Kerr effect, 
Rutherford backscattering spectrometry and X-ray diffraction investigations. Three 
77 nm thick Fe films containing a 15 nm ^^Fe marker layer at different depths were 
deposited on Si(lOO) substrates and irradiated under well-defined mechanical stress 
with 200 keV Xe ions. The orientation distribution of the spins within the sample 
plane was analyzed by Mdssbauer spectroscopy, tilting the sample with respect to 
the incident y-beam and observing the angle dependent relative line intensity varia- 
tion of the sextet lines. For the sample with the sensitive marker layer in the middle 
of the ferromagnetic film, all spins were found to be oriented exactly along the me- 
chanical stress axis. This agrees with the angular properties of the macroscopic hys- 
teresis curves measured by magneto-optic Kerr effect. However, in most of the pre- 
vious investigations the magnetic properties were analyzed using methods probing 
either the near-surface part of the films, like magneto-optical methods or magnetic 
force microscopy [13-15], or they measure the magnetization of the whole film, 
like vibrating sample magnetometer or SQUID. Only recently. Nuclear Resonance 
Scattering (NRS) has been involved in determining spin structures [19, 20]. 



2. Experimental 

Pure iron was used as starting material for the laser carburizing treatments, the sam- 
ples having 1-1.5 mm thickness and were mechanically polished with SiC grinding 
paper followed by 1 /xm diamond paste. A Siemens XP2020 XeCl excimer laser 
with X = 308 nm, 55 ns (FWHM) pulse duration, and 8 Hz repetition rate was 
used for the excimer laser treatments. The laser fluence was set to the desired 
fluence (0.5 to 5 J/cm^) with a spot size of 5 x 5 mm^ employing a focusing beam 
homogenizer and a variable beam attenuator [3]. For the irradiations, the samples 
were mounted in a chamber, that was first evacuated to less than 10“^ Pa and 
then filled with nitrogen gas (99.999%) or methane (99.5%) at a pressure of 0.01- 
0.15 MPa prior to the treatment. Larger sample areas were treated by meandering 
(i.e. scanning) the surfaces relative to the laser beam by a motorized and computer- 
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controlled sample stage [3]. The shift of each laser spot was set according to the 
desired overlap and the total number of laser shots. 

The carbon profiles have been obtained by Rutherford Backscattering Spec- 
trometry (RBS) with a900keV He++ beam and a backscattering angle of 165°. The 
data analysis was performed with the RUMP code [21]. Phase analysis was done by 
X-ray diffraction in Bragg-Brentano geometry and under 2-5° grazing incidence 
(GIXRD) employing Cu-Kq. radiation. The iron samples have been analyzed by 
Conversion Electron and Conversion X-ray Mdssbauer Spectroscopy (CEMS and 
CXMS) [3]. 

Eor the magnetic texturing experiments, three special films of 10 x 5 mm^ 
size have been deposifed on ulfrasonic-cleaned, 0.5 mm thick Si(lOO) substrates, 
each 40 X 15 mm^ in size. The natural iron films were deposited by electron- 
beam evaporation and the 15 nm thick ^^Ee marker-layers by an effusion cell. 
The marker-layer was placed either directly at the Ee/Si interface (sample I), in 
the middle of the "®‘Ee film (sample M) or at the surface of the film (sample S). 
The total iron film thickness was 77(3) nm for all three samples. The depositions 
were performed with the substrate held at room temperature in the same vacuum 
chamber with a base-pressure of 4 x 10“^ Pa without breaking the vacuum. These 
as deposited samples have been characterized by RBS, CEMS, XRD, and in ad- 
dition by Magneto-Optical Kerr Effect (MOKE). Before irradiation the samples 
were mounted on a special target holder allowing the defined bending of the Si- 
substrate to a bending radius R = 1 m (curvature 1/R = 1 m“') as controlled by 
a Dektak surface profiler. According to Stoney [22] this corresponds to a strain of 
108(11) GPa in the iron film. Then, the samples were irradiated at room tempera- 
ture with 200 keV Xe-ions to a fluence of 1 x 10'^ cm“^, provided by the Gottingen 
ion implanter lONAS at a pressure of about 10“^ Pa in the implantation cham- 
ber. This implantation energy corresponds to a mean implantation depth of 34 nm 
(SRIM2000 code [23]) and was found to induce the largest change in magnetization 
[12]. By using an electrostatic X-Y sweeping system {f^ = 120 Hz, fy = 5 Hz) 
the ions were homogenously distributed over the irradiated area of 10 x 10 mm^. 
The ion beam current was kept at about 0.3 /xA, in order to avoid beam heating of 
the samples. After the irradiation the strain was relaxed by releasing the bending 
and the samples were again measured by RBS, CEMS, XRD, and MOKE, again 
in this sequence. Due to the limited thickness of the iron films and the high enrich- 
ment of the ^^Ee marker-layers (96%), almost all of the information for Mdssbauer 
spectroscopy is encountered from the marker-layers. The MOKE-set-up is a PCS A- 
ellipsometer using a photo-elastic modulator and online field measurement [24], 
with a maximum applied field of about 1500 Oe provided by a Helmholtz coil. 



3. Magnetic Orientation Mossbauer Spectroscopy - MOMS 

Traditionally, conventional Mdssbauer spectroscopy is performed with perpendic- 
ular (normal) incidence of the y-beam. Eor magnetic sextets, the relative line in- 
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tensities are depending on the angle 6 between the y -direction and direction of 
the hyperfine field B, the latter being co-linear with the spin direction (/i, 6 /^ 3, 4 is 
always 3) [25-28]: 

^2.5 _ i(l -cos^^) ^ (l-cos^6>) 

/ 3,4 “ |(l+cos2 0) “ (1+COS2 0)’ 

This results in the line intensity ratios 3 : 2 : 1 for a random spin orientation (in 
space), 3 : 4 : 1 for all spin aligned in the film plane and fhus being perpendicular 
fo fhe y-beam and 3:0:1 when all spins are pointing ouf of fhe film plane, i.e. 
line 2 and 5 of fhe sexfef disappear. Now, knowing fhaf for fhin films and foils 
fhe spins are almosf completely aligned in fhe film plane, one mighf ask if we can 
resolve fhe spin disfribufion wifhin fhe plane by means of Mdssbauer specfroscopy. 
This becomes possible when we till fhe sample normal wilh respecl againsl fhe y- 
direclion by an angle a and Ihen rolale fhe sample around ils normal n by fhe angle 
(p. This is skelched in Figure 1. 

The varialion of fhe line intensifies wilh fhe angle (p gives fhe informalion aboul 
the hyperfine field orienlalion in fhe film plane (i.e. in fhe ^^Fe marker-layers). This 
variation can be simulated by a linear combination of n magnelic orienlalions i/^,- : 



^2 , X 1 - sin2(a) sin2((p ~ fi) . J . ^ ^ “ cos2(a) 

h ^ 1 + sin^(a) sin^(^ - i^,) V ^ / 1 + cos2(o!) 



( 2 ) 



where c, are fhe fractions of fhe spins poinling in fhe direction xj/i in fhe film 
plane and fhe remaining spins are poinling ouf of plane (along fhe plane normal). 
This measuremenl of fhe sample for all (p wilh non-normal incidence is named 




in-plane vector of the magnetization direction SfjF> « is the tilt-angle of the sample in the X-Y 
plane (angle between y -direction and surface normal n and xp is the rotation angle of the sample 
around its normal). 
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Figure 2. Characteristic patterns for MOMS of thin iron films with an incidence angle of a = 45° 
assuming all spins lying in the plane. 




Magnetic Orientation Mossbauer Spectroscopy (MOMS), allowing to resolve the 
spin distribution in the sample. 

Considering an intensity ratio h/ h = 4 for the a -iron from the normal inci- 
dence spectrum and thus a 100% in-plane alignment of the hyperfine field- vectors, 
Equation (2) can be simplified fo: 






Ci 



1 — sin^(a) sin^(^ — tp, ) 

1 -|- sin^(a) sin^(^ — tp, ) ’ 



( 3 ) 



which gives some characferisfic variations of fhe line intensifies as shown in Fig- 
ure 2 for a = 45°. There if becomes obvious fhaf MOMS can really distinguish 
differenl spin disfribufions and fheir direcfions in iron films. 

This mefhod was employed fo investigate fhe spin disfribufion in fhin iron films 
on silicon before and after Xe-ion irradiafion. The resulfs are presented below. 



4. Results and discussion 

4.1. LASER CARBURIZATION OF IRON 

By irradiating pure iron substrates in methane atmosphere with a pulsed excimer 
laser, a rather thick and polycrystalline cementite layer was obtained [4]. Cemen- 
tite (0-Fe3C) is of great technological importance for the mechanical properties 
of steels and iron alloys, however, it is hard to obtain as a single phase since it 
is typically embedded in the steel matrix. Only few investigations on the Fc3C 
electronic structure [29], its mechanical [30] and thermodynamical [31] properties 
can be found in the literature, due to the difficulty in obtaining it in its pure state. 
Recently, a single-phase cementite film has been prepared by a special Physical 
Vapor Deposifion fechnique [30], and no ofher mefhod has been successful in 
synthesizing pure cementite. 

The Mossbauer spectra and their analyses are shown in Figure 3 for an iron 
substrate being excimer laser treated with 4 J/cm^ in 2 bar CH4 and 33 x 33 pulses. 
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velocity [mm/s] velocity [mm/s] 

Figure 3. Mossbauer spectra of excimer laser carburized iron, left CEM spectrum, right CXM 
spectrum (4 J/cm^, 33 x 33 pulses, 2 bar CH 4 ). 



The CEM spectrum, with an information depth of about 150 nm, shows 75(2)% 
cementite (Fe 3 C) and 16(2)% Hagg carbide (Fe 5 C 2 ), while the remaining part is 
non-reacted a-Fe. We believe the latter contribution mostly originates from the 
border of the treated area where the spot overlap is incomplete, but some inho- 
mogeneity of the layer cannot be excluded. The CXMS spectrum, which gives 
information on a depth of the order of 20 /xm, revealed only 15% Fe 3 C in addition 
to 3% austenite, indicating that the Fe 3 C layer is confined to a depth of the order of 
3 /xm. All hyperfine parameters agree well with those reported in the literature [32- 
34]. This phase analysis and composition coincides with the XRD analysis. The 
RBS spectra of the original Fe and the sample irradiated with 256 pulses show after 
the laser treatment in methane a reduction of the Fe yield exactly to the cementite 
stoichiometry (25 at.% C and 75 at.% Fe) to a depth of at least 650 nm. 

In conclusion, a method of obtaining a rather thick, polycrystalline cementite 
layer has been presented. For more results on laser nitriding and laser carburizing 
of iron, steel, aluminum, and silicon please refer to the references [3-5, 35, 36]. 



4.2. MAGNETIC TEXTURING BY ION-IMPLANTATION 

Figure 4 shows the RBS spectra of the three samples I, M, and S before and after 
ion irradiation. One distinguishes the ^^Fe, "“‘Fe and Si components of the film and 
fhe implanfed Xe ions (scaled by faclor 5), whose concenfrafion peaks af 30(2) nm, 
in agreemenf wifh fhe fheorefical prediction mentioned before. A small spuffering 
effecl of abouf 2 nm is visible, e.g., fhe shifl of fhe Si edge. The broadening of 
fhe ^^Fe marker-layers upon irradiation is nol very prominenf, fhus preserving fhe 
depfh information of fhe marker layers. In addifion fo a weak (110) crysfallographic 
fexfuring effecl of fhe deposited and irradialed films, fhe XRD speclra show a small 
lallice expansion, which is due lo fhe implanted Xe stored in fhe iron lattice. 

The Mossbauer speclra laken wifh normal incidence were fitted using mainly 
the a-iron sextet, before implantation only sample I showed some interface contri- 
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Figure 4. Depth profiles as RBS results for the three samples I, M, and S before (dotted) and after 
the Xe implantation (solid). The Xe concentration is scaled by a factor of 5. 



Table I. Results from MOMS (maxima of / 2 // 3 ) and MOKE (easy axis s) of ^^Fe/Fe samples I, M, 



and S 
Sample 




As deposited 






Irradiated 








MOMS 


MOKE 




MOMS 


MOKE 




Ci [%] 


fi [°] 


£[°] 


Ci [%] 


fi [°] 


e[°] 


I 


68(5) 


70(8) 


- 


86(3) 


87(4) 


63(3) 




32(5) 


160(8) 


- 


14(3) 


153(3) 


157(3) 


M 


- 


- 


- 


95(2) 


0(3) 


1(3) 




- 


- 


- 


5(2) 


90(3) 


91(3) 


S 


26(2) 


46(4) 


- 


80(2) 


71(3) 


105(4) 




74(2) 


136(4) 


- 


20(2) 


161(3) 


20(4) 



butions (17% of iron silicide) in addition to the pure iron. At the interface to the 
substrate (sample I), we added a second sextet and a doublet of together about 31% 
fraction, indicating the increasing silicon fraction in the iron after implantation. 
After the irradiation we observed also the formation of a paramagnetic iron silicide 
(FeSi) with parameters in good agreement with those reported in [37, 38]. At the 
surface (sample S) we observed the formation of some FeO after implantation, 
while for this sample S and sample M the implanted Xe is visible as a small 
additional sextet with 8(2)% relative area and Bhf = 26(2) T representing iron 
atoms having a Xe atom as nearest neighbor. All these analyses of the Mbssbauer 
spectra taken with normal incidence of the y-beam indicate a complete in-plane 
orientation of the magnetization direction in the samples before and after irradia- 
tion, the values are given in Table I. Only sample M shows a smaller percentage of 
in plane alignment, but still within the error limit. Maybe in this case some spins 
also point out of the plane. 
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Figure 5. MOMS series of sample M for a = 45° and various angles ip. 




Figure 6. Intensity variations for the three samples as obtained by MOMS. The solid lines are fits 
with Equation (3) and parameters given in Table I. The theoretical minimum (1.3333) and maximum 
(4) is indicated. 



For the CEMS measurements a proportional-counter was used, that surrounded 
the sample and could be tilted with respect to the y-beam (a = 0-80°) and also 
could be rotated around the sample-normal (j = 0-360°) as indicated aheady in 
Figure 1. With that, the samples have been measured with a = 45° and for angles (p 
ranging from 0° to 360°. Some of these spectra for sample M are shown in Figure 5. 

It is clearly seen, that there is a nice variation of the relative line intensities with 
the angle cp. After analyzing the spectra and taking the line intensity for the a-Fe 
subspectrum, the variations for all samples were achieved as displayed in Figure 6. 

Figure 6 presents the results of the angle-dependent Mdssbauer analysis 
(MOMS) on the a-Fe fraction of the three samples. There, the 0°-direction is the 
direction of the external strain during implantation. The lines are the results of 
fits with Equation (3) for as deposited and irradiated samples and considering two 
in-plane terms of the hyperfine field direcfion. The parameters are summarized in 
Table I. 

Before implanfafion (open symbols), fhe fhree samples show a differenl behav- 
ior. Af fhe Fe/Si-inlerface (sample I) one can clearly observe an oscillation of fhe 
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h/h ratio, indicating a preferred spin direction (68% at 70°). Possible interpreta- 
tions are a small tilt of the sample during deposition or small stray fields which are 
known to affect the anisotropy. Another reason for the alignment of the field mighf 
be fhe laffice mismafch of Si and Fe which leads fo permanenf inverse magne- 
foslricfion effecls [6]. The subsfrafe orienfafion was observed by Lane-images and 
found fo be (Oil) in 0°-direcfion. In fhe middle of fhe film (sample M) wifh fhe 
^^Fe embedded in fhe "“‘Fe, no preferred hyperfine field direction was significanl 
before implanfafion. The only disfurbance of fhe film sfrucfure resulting in sfrains 
could occur due fo fhe differenl deposition mefhods of fhe neighboring chemically 
and magnetically idenfical layers, buf fhe spin orienfafion was nearly isofropic. The 
behavior af fhe surface (sample S) was similar fo fhaf af fhe inlerface (sample I). 
If showed a preferred hyperfine field direcfion wifh a rafher sfrong intensify. The 
preferred direcfion was af 136(4)° wifh a fraction of 74(2)%. 

The sifuafion after irradiation is indicated by fhe filled symbols in Figure 6. 
Sample I shows fhe smallesf effecl, as fhe infensify and fhe direction of fhe oscilla- 
fion changes only slighfly. Since fhe penefrafion depfh of fhe Xe was only 34 nm, 
less fhan 8% of fhe Xe-ions deposifed fheir energy in fhis pari of fhe film and also 
widened fhe laffice. The mosl obvious change of fhe hyperfine field parameters 
look place in fhe middle of fhe film (M). The (^-dependence changed from a nearly 
isofropic dislribulion fo a nearly perfecl (95(2)%) alignmenl in 0° direction of fhe 
sample. In fhis depfh we also had fhe highesl Xe-conlenl after irradialion, indical- 
ing fhe sfrong dependence of fhe lexluring effecl on fhis parameter. Combined wifh 
the relaxation of the internal strains of the as-deposited film during irradiation, fhe 
Xe-ions induced a small widening of fhe lattice, as confirmed by fhe XRD-analysis, 
resulling in a sfrong inverse magneloslriclion effecl. The widening is much larger 
in fhe middle of fhe film fhan af fhe Fe/Si inlerface and if induced a nel compres- 
sive slrain, resulling in fhe 0° alignmenl of fhe Enp-direction [13]. The behavior 
observed af fhe surface (S) was similar fo lhal af fhe interface: fhe amplilude and 
fhe direction of fhe (^-dependence changed, buf here fhe change of fhe angle was 
much larger fhan in fhe case of sample I. All ions pass fhis surface layer, resulting 
in fhe highesl energy deposition. Buf hardly any Xe remained in fhis part, resulting 
again in lower lattice deformalions. All fhe resulls of fhe MOMS experimenls are 
summarized in Table I. 

To compare the results with the macroscopic magnetic properties of the samples 
we made an angle dependent longitudinal MOKE-analysis. The measurements are 
shown in Figure 7 and the results also given in Table I. Before implantation, the 
magnetic remanence, as obtained from the hysteresis curves, are nearly isotropic. 
After implantation we obtain a rather strong magnetic anisotropy with a fourfold 
and an uniaxial contribution as can be seen in the polar plots. Since MOKE probes 
the first 20-30 nm of the film, af leasl for sample S fhe information range of OEMS 
and MOKE are fhe same. One would expecl a similar preference direction of fhe 
magnefizafion, since we would expecl fhe hyperfine field and fhe easy axis fo co- 
incide. If is nol yef clear, why fhe mefhods give differenl resulls, buf MOMS gives 
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Figure 7. Polar plots of the film remanence as measured by MOKE (sample S, M, and I, from left). 



an instantaneous (“non-destructive”) picture of the spin distribution, the MOKE 
analysis demands the application of a strong external field and thus immanently 
changes actively the spin distribution. Further investigations are under way in this 
direction. Nevertheless, for the middle of the film (sample M), MOMS and MOKE 
resulfs are in perfecl agreemenf, allhough Ihe MOKE signal from Ihis film-deplh is 
very small. Al Ihe interface I, Ihe measuremenls are nol direclly comparable, since 
Ihey probe non-overlapping parts of Ihe film. As can be seen in Table I, Ihe uniaxial 
part of Ihe anisolropy is nol equal in Ihe Ihree samples. 

This behavior is nol underslood so far and furlher experimenls have lo be carried 
oul in lhal direction. 



5. Summary 

The efficiency of laser nilriding and laser carburizing in Fe, Al, Ti, Si has been 
invesligaled for differenl lypes of pulsed lasers. Mdssbauer speclroscopy signifi- 
canlly conlribules lo underslanding Ihe delails of Ihe processing and if can help lo 
optimize Ihe Irealmens. On Ihe olher hand, MOMS seems lo be a very interesting 
melhod lo sludy magnetic anisolropies - wilh Ihe help of ^^Fe marker-layers also 
deplh dependenl - and lo resolve Ihe spin dislribulion in a non-deslruclive way. 
A complete uniaxial spin orienlalion was found by lhal in Ihe middle of Ihe iron 
film, coinciding exaclly wilh Ihe external slrain axis. 
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Abstract. Dependence of magnetic behavior of ultrathin Fe layers on the width of the interfaces was 
investigated by using dc-magnetron sputtering to grow (Fe(l 10)/Ag(l 1 1)) multilayers (ML) with 
thin interfaces and (Fe( 111 )/Cu( 111)) multilayer with wide interfaces. Thicknesses of non-magnetic 
layers in all cases were 25 A. The Fe/Ag MLs were prepared with thickness of Fe layers fpe = 
8.8 A and 2.4 A, while Cu/Fe ML had the largest fpe = 11.0 A together with widest interfaces. 
In-field ^^Fe conversion electron Mdssbauer spectroscopy (CEMS) down to 50 K was employed to 
show that Fe layers are not uniform, to characterize interfaces, and to distinguish between static and 
relaxation behavior. This allowed unambiguous interpretation of T-dependencies of susceptibility 
and spontaneous magnetisation upon crossover to island structure of the Fe layers. 

Key words: low-temperature conversion electron Mdssbauer spectroscopy, magnetic multilayers, 
interfaces, temperature decay of magnetization. 



1. Introduction and methods 

Data storage and information transport technologies at present involve magnetic 
structures with lateral sizes less than a micrometer with a continuing tendency 
to approach a nanometer scale where high stability to thermal magnetization de- 
cay is a key issue. Though magnetism of thin Fe films was extensively studied 
experimentally, including Mdssbauer spectroscopy, in connection with the 3D-2D 
crossover [1] and a variety of magnetic states of fee y-Fe that depend on the atomic 
volume [2], the finite-size effects associated with a decrease of lateral size of the 
layers received less attention. In most of the works Fe films were grown epitaxially 
in UHV that resulted in high monocrystalline quality and practically atomically 
flat interfaces. Previously, we investigated how significant interface roughness and 
intermixing in Fe/Cu multilayers prepared by sputtering may result in break up 
of the layers into isolated islands [3]. As sputtering provides a convenient way 
to vary the width of the interfaces we used this method to prepare two different 
kind of multilayers. Two Fe/Ag multilayers were grown to investigate transition 

* Present address: Physics Department, University of California, San Diego, 9500 Gilman Drive, 
La Jolla, CA 92093-0319, USA. 
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Table I. Structural parameters and growth conditions of Fe/Ag and Fe/Cu multilayers. N is the 
number of bilayer repetitions, fpg, tnm are the thicknesses of Fe and non-magnetic elemental layers, 
(Tnm/Fe and crpe/nm are the roughnesses of the interfaces (NM/Fe means Fe on top of non-magnetic 
metal), is an Ar pressure during deposition, and Fnm and Fpg are the deposition rates 



Name 


Spacer 


N 


fpe 


Inm 


frnm/Fe 


^Fe/nm 


Pat 


Pmn 


^Fe 








(A) 


(A) 


(A) 


(A) 


(mTorr) 


(A/s) 


(A/s) 


MLS. 8 


Ag 


25 


8.8 


25.3 


6.6 


13.0 


10 


3.0 


1.0 


ML2.4 


Ag 


25 


2.4 


28.3 


7.7 


9.8 


10 


3.0 


1.0 


MLll.O 


Cu 


36 


11.0 


25.1 


12.5 


34.0 


20 


1.9 


0.8 



to island morphology of the Fe layers in the case when interfaces are sharp due 
to a strong de-mixing tendency and small band hybridization between Fe and Ag. 
One Fe/Cu multilayer was also prepared to represent the opposite case of con- 
tinuous layers with wide interfaces. In all cases, the thickness of non-magnetic 
layers t^m was much larger than thickness of the Fe layers fpe to escape interlayer 
coupling. Fe(110)/Ag(lll) and Fe(lll)/Cu(lll) orientations were found by high- 
angle XRD. Parameters of the multilayers were determined from fits to small-angle 
X-ray reflectivity data and are summarized in Table I. The crucial details about 
magnetic and structural properties on local scale both in remanent state as well 
as with in-plane external field were obfained by ^^Fe low-femperafure conversion 
elecfron Mdssbauer specfroscopy (LT-CEMS) down fo 50 K. We builf fwo gas pro- 
portional counters based on fhe profofype designed af Mainz [4] and opfimized for 
low-femperafures in respecf of S/N ratio and energy resolufion. Imporfanf fealures 
of fhe counters are: fhin sensitive volume of 3 mm in fhickness only (1 mm anode- 
sample disfance) fo compensate for increased gas density, spring support for fhe 
anode wire fo accommodafe shrinkage of fhe dimensions, double mylar windows in 
fhe defecfor’s body and ifs cap wifh inler-window volume connecfed fo fhe sensitive 
volume fo keep walls of fhe sensifive chamber always flal, and elecfrical isolation 
of fhe detector body from fhe inner parts of fhe cryosfafs. Operating volfage was op- 
fimized for each working femperafure in respecf of reducing measuremenf time [5]. 
Gas-flow He + 4%CH4 counfer was used in fhe femperafure range 320-90 K inside 
sfandard liquid N 2 cryosfaf, while gas-filled He counter was used down to 50 K in 
fhe in-house made cryosfaf filled wifh He-gas for heal exchange and cooled by fhe 
vibrafion-isolaled closed cycle He refrigerator. Bofh counfers allowed simulfane- 
ous acquisition of specfra in backscaffering GEMS and fransmission geomelries, 
and showed sfable long-lerm operation and proved to be very effeclive for our 
fhin samples (wifh nalural isotopic conlenf). Magnetic properties in fhe bulk were 
characlerized by initial susceptibility /ac measured wifh fhe ac excifafion field of 
70 Hz and amplifude of 5 Oe and by sponlaneous magnefizafion exlrapolafed to 
zero field from measuremenls in fhe exfemal field of 4 T sfrong enough to safurafe 
our mulfilayers af any orienfafion. 
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Velocity (mm/s) 

Figure 1. Conversion electron Mossbauer spectra for the (Fe 8.8 A/Ag 25.3 A)x25 multilayer in the 
range 50 K-room temperature. Strong Zeeman splitting persist to RT. Note a weak signal that appears 
at around zero velocity at the increased temperatures only. Details of decomposition are described in 
the text. 



2. Results 

Selected CEMS spectra of the Fe/Ag multilayers MLS. 8 and ML2.4 are shown 
in Figure 1 and Figure 2 respectively. At 50 K spectra represent a ferromagnetic 
(FM) Zeeman splitting. Asymmetrical broadening of lines suggests at least two 
components that were modeled by two sextets with symmetrical Gaussian distribu- 
tion of hyperfine fields (P(Bhf)) for each of them. This contrasts with MBE-grown 
multilayers when Fe(110)/Ag(lll) orientation exhibits a single sextet only, but 
two or three sextets are necessary to fit spectra for Fe(100)/Ag(100) orientation 
and may be ascribed to the different physical nature of deposition processes used. 
Considering that top and bottom interfaces are distinctly different as reflected in 
Table I, and similar to the case of sputtered Fe(lll)/Cu(lll) multilayers [3], it is 
logical to ascribe the sextet (5bi) with larger average field (Bhf) having narrower 
P(Bhf) and smaller isomer shiff (we used a-Fe af RT as a reference) fo fhe boffom 
interface fogefher wifh fhe inner regions, and anofher sexfel (5t) fo fhe lop inlerface, 
following resulls on sile-probed Fe(100)/Ag(100) mullilayers ([6] and references 
therein). Widths of both distributions are much broader for ML2.4, especially for 
5bi and partial contribution of St is strongly decreased. Partial contributions of Sbi 
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Velocity (mm/s) 

Figure 2. Conversion electron Mossbauer spectra for the (Fe 2.4 A/Ag 28.3 A)x25 multilayer in 
the range 50 K-room temperature. Note that lines are much wider than for the multilayer shown in 
Figure 1. Zeeman splitting collapses at around room temperature to spin-glass-like pattern. External 
in-plane magnetic field of 0. 1 T increases hyperfine splitting and resolves constituent lines; details 
are in the text. 



and St for both samples roughly correspond to the ratio of interface roughnesses in 
Table I, suggesting that the inner regions of pure Fe are rather small. At 50 K the 
average field of Sbi is essentially the same for both samples (^bf) = (35.4 ± 0.2) T, 
while splitting of St is notably less for thinner Fe layers with (5^^) = (35.0±0. 1) T 
and (32.5 ± 0.3) T for MLS. 8 and ML2.4, respectively. 

On raising temperature, signal around zero velocity starts to appear pointing to 
superparamagnetizm of a part of the Fe layers. Its parameters practically do not 
change with temperature (isomer shift 8 = +0.2-0.4 mm/s, quadrupole splitting 
A = 0. 8-0.9 mm/s) and are in the range for small Fe clusters in Ag seen previ- 
ously even in MBE-grown Fe/Ag system [7] and references therein. But its partial 
contribution to the spectrum increases first at the expense of the 5t, in agreement 
with expectations of a weaker magnetic interactions in more rough and alloyed top 
interface. For ML8.8 it is reliably resolved at 130 K and corresponds to a dou- 
blet (D). Nevertheless, its partial contribution is relatively small being 17% in the 
RT spectrum and external in-plane magnetic field Bext = 0.1 T does nol increase 
ifs confribufion and resulfs in fhe idenfical specfrum. Dominanf confribufion of fhe 
FM signal and complefely in-plane alignmenf of magnefizafion for bofh sexfefs 
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in the whole temperature range studied shows that the 8.8 A thick Fe layers are 
quite uniform and at least several atomic layers (AL) thick on macroscopic scale 
(1 AL Fe(llO) = 2.03 A) with Curie temperature (Tc) far above RT. For ML2.4 
a doublet appears at lower temperatures and constitutes 20% of the signal already 
at 90 K. Further increase of temperature leads to a dramatic spectral changes, but 
affects St more drastically. At RT as compared to 50 K, (B^f) drops a little more 
than twice to (15.3 ± 0.4) T, while drops almost six times to (5.6 ± 0.3) T. 
Also, width of the P(Bhf) for Sbi increases 2.4 times that makes spectrum look 
like that of an amorphous Fe spin-glass alloy. In addition, a single line appears 
at about zero velocity. At the same time, direction of magnetization shows no 
temperature dependence remaining (33 ± 1)° tilted from the normal. Small in- 
plane Bext = 0.1 T strongly increases (B^j) to (15.0 ± 0.6) T, effect typical for 
SP behavior [1]. increases only about 30% to (20.6 ± 0.3) T, but P((B^f)) 
decreases 1.8 times such that Zeeman lines become nicely resolved. Both of these 
effects suggest more collinear magnetic structure for Sbi considering that 1st near- 
neighbors contribute around 50% to Bhf on ^^Fe [8]. For both sextets magnetization 
now lies totally in-plane and single line component disappears suggesting that SP 
relaxation is effectively suppressed. Hence, one can estimate that at least 33% of 
the Fe atoms are SP at RT and already at 320 K most of the Fe atoms are engaged 
in fluctuations as the spectmm (not shown) exhibits a broad single line at zero 
velocity with typical long relaxation wings [9]. 

CEMS spectra of the Fe/Cu multilayer ML 11.0 are shown in Figure 3. Lines 
of the Zeeman pattern are much broader than for Fe/Ag multilayers in agreement 
with a somewhat better solubility of Fe in Cu. Also the paramagnetic (PM) signal 
in the central part of the spectrum is still present at the lowest temperature. Main 
features of the spectral shape and its evolution with temperature follows those of 
Fe/Cu multilayers studied in our group previously ([3] and references therein). 
Hence, we used the same model to fit present spectra. Upon warming the thinnest 
FM parts of the Fe layers become PM that is reflected in population of the strong 
doublet with smaller splitting at the expense of the Zeeman split component. The 
latter one is modeled at 50 K by two Gaussian distributions. The one with larger 
field, (Binn) = (32.6 ± 1.4) T represents inner FM regions, while the lower field 
one, (Bint) = (IV. 8 ± 2.0) T, - alloyed Fe-rich FM top interfaces. These fields are 
smaller than and (B^^j-), respectively, at each temperature of the experiment. 
This exposes a weaker magnetic exchange in a more intermixed Fe/Cu system 
notwithstanding that on average MLl 1.0 has the thickest Fe layers among samples 
studied of 5.3 AL (1 AL Fe(llO) = 2.07 A). Also magnetization is (62 ± 5)° tilted 
from the normal, that is about twice more than for ML2.4 with sharpest interfaces, 
and points to a weaker perpendicular magnetic anisotropy (PMA) due to less sharp 
interfaces. As in the Fe/Ag multilayers the bottom interfaces are much sharper, 
but are strikingly different, remaining PM in the whole T-range studied and are 
modeled by a quadrupole doublet with larger splitting. Its partial contribution to 
the spectrum is around 10% and independent of temperature. Disappearance of 
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Velocity (mm/s) 

Figure 3. Conversion electron Mossbauer spectra for the (Fe 11.0 A/Cu 25.0 A)x36 multilayer in 
the range 50 K-room temperature. Wide distribution of hyperfine fields is present at low tempera- 
tures, which completely collapses on warming before reaching room temperature. External in-plane 
magnetic field of 0. 1 T does not increase hyperfine splitting. 



FM contribution happens at Tc = 250 K, that is lower than for Fe/Ag multilayers. 
In-plane Bext = 0.1 T applied in the range 90-180 K does not change either vis- 
ible Zeeman splitting or any of the parameters of the model except orientation of 
magnetization, rotating it completely into the plane of the multilayer. This shows 
the absence of any SP relaxation. 

Measurements of susceptibility complement ^^Fe Mossbauer spectroscopy due 
to sensitivity not only to critical phenomena and magnetic orientation, but also to 
domain formation and motion [10] and due to a five orders of magnitude larger 
characteristic time scale. For MLS. 8 film a steady increase of X|| on warming 
from 5 K fo a very large value wifhouf safurafion af RT presented in Figure 4 
in principal agrees wifh conclusion of Tc fo be much higher RT obfained from 
Mossbauer dafa. And fhe absence of any pronounced fealures may be explained by 
fhe smearing effecl of small buf measurable SP islands wifh large size disfribufion 
(due fo finile roughness of fhe interfaces) also seen fo be presenf in Mossbauer 
specfra. SP behavior is much sfronger in ML2.4 due fo smaller sizes of isolafed Fe 
islands expecfed for fhinner layers wifh fhe blocking femperafure (Tb) estimated 
from Mossbauer data to be slightly above RT Now X|| shows a pronounced hump 
at a temperature around 150 K, i.e., about twice lower than Tb, situation similar for 
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Temperature (K) 



Figure 4. Temperature dependence of the real part of the initial susceptibility: diamonds - for the 
(Fe 8.8 A/Ag 25.3 A)x25 multilayer, circles - for the (Fe 2.4 A/Ag 28.3 A)x25 multilayer, triangles 
- for the (Fe 11.0 A/Cu 25.1 A)x36 multilayer. Filled symbols represent susceptibility measured 
with in-plane excitation field, X|| , open - measured in perpendicular orientation, xj_. 



nm-size a-Fe particles [9], except for a much broader width of the hump for our 
sample due to large size distribution of the Fe islands expected for thin sputtered 
layers. This broad hump cannot be due to formation and motion of domains as 
no spin-reorientation is detected at these temperatures in Mdssbauer spectra [10]. 
MLll.O also exhibits a similarly strong signal in X|| below T^. But its several 
times smaller width immediately suggests another explanation than SP relaxation 
as this multilayer has the roughest interfaces that would result in the largest size- 
distribution of the Fe islands. Support for the rejection of SP behavior obtained 
from Mdssbauer data comes from T -dependence of x± that shows no features at 
all. We note that with excitation the field oriented perpendicular to the film and 
almosf in-plane magnefizafion af 50 K x± is insensifive fo order-disorder fransifion 
and formalion of perpendicular domains is excluded [10]. Thus, fhe peak in X|| is 
affribufed fo fhe in-plane rofafional response of magnefizafion. 

One of fhe imporfanf paramefers for practical applicafions is fhermal decay 
of sponfaneous magnefisafion, M^. Af low femperafures fhis process is governed 
by fhermal excifafions of spin waves and experimenfal dafa in mosf of fhe works 
are til fo a power law [11]. The crossover from 3D fo 2D behavior is marked by 
the change in the exponent from n = 3/2 (Bloch-like) to n = 1 (quasi -linear) 
if the energy gap at zero wave vector, whose origin is magnetic anisotropy, is 
not vanishingly small [12]. For high-quality Fe(llO) thin films fhis happens af 
thickness around 3 AL [1]. Mg for MLS. 8 decreases with temperature most slowly 
but clearly non-linearly as shown in Figure 5. The fitted to T^^^-law spin-wave 
parameter B|| = (4.3 ± 0.8) 10“^ is 5.4 times larger than for the similar 

multilayer grown by MBE [1]. This agrees with the more strongly reduced ex- 
change coupling expected inside interface areas in sputtered films [13]. For ML2.4 
B|l experiences an additional increase of 2.0. Though remanenf magnefizafion has a 
subsfanfial normal componenf defecfed in Mdssbauer specfra (Figure 2), fhis does 
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Temperature (K) 

Figure 5. Temperature dependence of reduced spontaneous magnetization obtained from extrapola- 
tion of the in-field data up to 4 T to zero field for the (Fe 8.8 A/Ag 25.3 A) x 25 multilayer (diamonds), 
(Fe 2.4 A/Ag 28.3 A)x25 multilayer (circles), (Fe 11.0 A/Cu 25.0 A)x36 multilayer (triangles). 
Filled symbols represent measurements with the in-plane field, open - in perpendicular orientation. 



not necessarily imply that interface magnetic anisotropy became stronger than for 
MLS. 8 as it may prevail merely due to weaker dipolar shape anisotropy as 1-2 AL 
thick Fe layers are unavoidably broken up into isolated SP patches. This is in 
contrast with clearly linear MgvT for sputtered Fe(lll)/Cu(lll) multilayer with 
discontinuous Fe layers [3] and may be explained by a stronger interlayer coupling 
in this system that results in a stronger PMA as there are 6 NN in the adjacent 
atomic planes for Fe(lll) orientation, while only 2 NN for Fe(llO), even when Fe 
is more susceptible to intermixing with Cu than Ag. Excessively wide interfaces 
of ML 11.0 should strongly decrease both PMA and in-plane shape anisotropy thus 
suppressing linear dependence of MjvT. In fact, the decrease of Mg is the fastest 
with = (9.7 ± 0.6) 10“^ as illustrated in Figure 5. Interestingly, MsvT 
measured in perpendicular orientation cannot be fitted with T^^^-law, contrary to 
linear fit that gives = (101 ± 7) 10“^ K“'. In this orientation external field is 
applied af a very large angle fo the remanent magnetization and should decouple 
the very outer regions of the Fe layers with small numbers of Fe NN from more 
uniform inner ones, thus effectively thinning and driving them into 2D regime. 



3. Conclusions 

Sputtering allows preparation of ultrathin Fe layers with either narrow interfaces or 
wide and alloyed interfaces. In both Fe/Ag and Fe/Cu multilayers top and bottom 
interfaces are distinctly different. Top interfaces are much wider and are ferromag- 
netic in both systems. Bottom interfaces are less alloyed, they are ferromagnetic 
in Fe/Ag multilayers, but non-magnetic in Fe/Cu multilayers. Widening of the 
interfaces suppresses perpendicular magnetic anisotropy, drastically increases the 
decay rate of spontaneous magnetization with temperature, and induces crossover 
from 3D to 2D magnetism by aligning magnetization normal to the easy plane. 
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Abstract. The structure of nanocrystalline and nanostructured iron-containing systems is discussed 
on the basis of the hyperfine interactions observed by ^^Fe Mossbauer spectrometry. In the case of 
nanocrystalline alloys, the structure, topology and composition of both the crystalline grains and 
the intergranular phase can be approached by Mossbauer spectrometry, provided a series of spectra 
is collected as a function of temperature and as a function of the volumetric crystalline fraction. 
Moreover, several examples of nanostructured powders are reviewed in order to illustrate the contri- 
bution of the Mossbauer spectrometry to the study of the structural and chemical orders associated 
to the atomic intermixing process during the milling procedure. Finally, the magnetic properties are 
discussed as a function of the thickness of grain boundaries. 

Key words: nanostructure powders 81.07.Wx, magnetic properties of nanostructures 75.75.-l-a, Mdss- 
bauer spectroscopy of solids 76.80.-l-y. 



1. Introduction 

During the last decade, much attention was devoted to the investigation of the struc- 
ture of nanostructured materials which exhibit unconventional physical properties 
[1, 2]. Indeed, high density of interfaces up to 10^^ m“^ for grains of 10 nm diam- 
eter are observed in nanostructured materials whereas up to 50-60% of atoms can 
be located in grain boundaries when their width is significantly thick, with grains 
of about 5 nm diameter. Consequently, in contrast to microstructured materials, 
the structural modelling of nanostructured materials thus requires that of the grain 
boundaries, the contribution of which is extremely high because of the confinement 
effect. Review papers were recently devoted to the structure of intercrystalline 
interfaces [3] and grain boundaries in nanocrystalline materials [4]. 

It is important to mention that the structure of grain boundaries in metallic 
systems is controversially debated: Gleiter assumed that nanocrystalline materials 
consist of perfect crystalline grains and completely disordered grain boundaries 
with low density [5]. Such a concept of a “gaslike” structure [6, 7] was not sup- 
ported by further diffraction experiments. Transmission Electronic Microscopies, 
small-angle scattering technique and EXAES allowed to observe the presence of 
grain boundaries but it remains difficult to separate both contributions in order to 
characterize the atomic disorder. As a consequence of its atomic scale sensitivity. 
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Mossbauer spectometry is especially efficient for modelling the structure of 
grain boundaries in iron-containing alloys because the hyperfine structures of crys- 
tallites and grain boundaries can be “a priori” separated. Nevertheless, the very 
complex hyperfine structure does not usually allow an easy description into two 
components because the fitting procedure leads to different solutions. But their 
respective evolution versus temperature might bring an unambiguous attribution 
and a quantitative estimation of both proportions. 

In the case of ionic systems, it has recently been shown that Mossbauer spec- 
trometry is an excellent tool for characterisation of the atomic topology of grain 
boundaries as well as their magnetic stmcture and for estimating accurately the 
atomic proportions, in the case of nanostmctured antiferromagnetic ferric fluorides 
(FeF 3 ) prepared by high-energy ball milling [8, 9]. In addition, the atomic layer 
interface located between the grain boundaries and the nanocrystalline grain has 
been clearly evidenced. The mutual analysis of both zero-field and in-field Mbss- 
bauer spectra allow to conclude that the crystalline grain and the grain boundaries 
resulting from a cubic and a random packing of FeFg octahedral units behave as an 
antiferromagnet and a speromagnet, respectively (as is schematically illustrated in 
Figure 1). The thermal evolution of the total magnetic properties is also strongly 
dependent on the nanostructural properties because the coupling between single 
domain grains is progressively established when the magnetic correlation length 
becomes smaller than the thickness of grain boundaries [10]. In this case, the mag- 
netic coupling is due to the superexchange term whose correlation is roughly less 
than 1 nm. This study clearly demonstrated the usefulness of ^^Fe Mossbauer spec- 
trometry, providing the hyperfine structure of a series of spectra recorded versus 
temperature and/or versus external magnetic field can be modelled. 

Let us note that in the case of nanoparticle of iron oxide (y-Fe 203 maghemite 
[11, 12]), the surface layer [13] and its magnetic canting which can be also well 




Figure 1. 2D schematic representation of grain boundary located between two crystalline grains 
showing the atomic topology and the magnetic structures, see [8]. 
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Figure 2. 2D schematic representation of the atomic structure nanocrystalline alloys (left) and 
nanostructured powders (right). 



characterized and quantified from sets of Mossbauer data give rise to unconven- 
tional properties in addition to their fundamental interest. 

In the case of metallic systems, the magnetic correlation length is expected 
to range from a few nanometers up to ten nanometers. When it overcomes the 
thickness of grain boundaries, nanocrystalline grains are thus magnetically cou- 
pled, favoring the presence of penetrating fields, i.e., polarization effects, in the 
presence of grain boundaries displaying smaller magnetic ordering temperatures. 
Such features might originate some disagreements about the expected hyperfine 
structure and consequently misinterpretations of Mossbauer spectra. 

We illustrate such phenomena in the case of nanostructured and nanocrystalline 
alloys. Their atomic representation is schematized in Figure 2. In the next sections, 
we will discuss the structure of grain boundaries, their role on magnetic properties 
and also the consequences on the hyperfine structure. 

2. Nanocrystalline alloys 

The nanocrystalline alloys correspond to nanocrystalline grains embedded within 
an amorphous matrix, obtained from a subsequent annealing of the amorphous 
precursor which thus exhibit two stages of crystallization. The pioneering alloy was 
discovered in 1988 by Yoshizawa et al. [14], and labelled as Finemet (Fey 3 5 CuiNb 3 
BgSin.s). Then new systems were found: Nanoperm family alloys (FeMB(Cu), 
M = Nd, Zr, Hf, . . .) [15] and more recently Hitperm ((Fe,Co)MBCu with M = Zr, 
Hf, Nb, . . .) [16]. These two-phase structural and soft magnetic alloys were widely 
investigated by a combination of several techniques (diffraction, electron and atom 
probe microscopies, magnetic measurements and Mossbauer spectrometry). 

The contribution of Mossbauer spectrometry is quite important [17]. All the 
data allow to characterize the structure and the chemical composition of both the 
intergranular phase (or the amorphous remainder) and the nanocrystalline grains. 
In the case of Finemet alloys, the hyperfine structure is very complex because 
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of the D03 structural type of FeSi grains: nevertheless one can estimate the Si 
content and the non-chemical homogeneity of the amorphous remainder as a func- 
tion of the crystalline fraction [18-20]. Moreover, the composition of (Fe, Co)Si 
nanocrystalline grains which emerged in Co containing Finemet has been found to 
be dependent on the composition of the amorphous precursor but not sensitive to 
the crystalline fraction [21]. In the case of A1 containing Finemet, the Mdssbauer 
spectra clear show that most of Si and A1 atoms are located in the cubic-D03 
Fe(Si,Al) grains [22]. On the contrary, the hyperfine structure is less complex 
for Nanoperm alloys, allowing a more detailed description of both structural and 
magnetic properties of both components. But in the case of Hitperm alloys, the 
structural type and content of Fe and Co located in crystalline grains are not easy 
to determine, even by combining Mossbauer with X-ray diffraction data: numerous 
studies are in progress [23-25]. The presence of impurities which remains difficult 
to be clearly identified from fhe hyperfine strucfure, has been confroversially de- 
bafed [26-29] as well as fhe chemical composifion and fhe magnefic nafure of 
fhe interface located befween fhe crysfalline grains and fhe amorphous remainder 
[30, 31]. If is imporfanf fo note fhaf such a concepf fairly supports Atom Probe 
Field Ion Microscopy, EXAFS and Ferromagnefic resonance [32]. 

All the results allow thus to propose an atomic scale modelling representation 
which is illustrated in Figure 2(left) [30]. Spectra have to be recorded at differ- 
ent temperatures on nanocrystalline alloys with different crystalline volumetric 
fraction while a fitting model has to be developed in order to describe simulta- 
neously all spectra [33]. The validity of the model requires a check of the physical 
dependence of each hyperfine paramefer. 

In addition to fhe estimate of fhe Fe confenf in bofh fhe amorphous remain- 
der and fhe crysfalline grain, fhe disfribufion of fhe hyperfine field due fo fhe 
amorphous remainder can be interpreted in ferms of local environmenfs, i.e. fhe 
chemical composition [34], while ifs evolution versus femperafure gives informa- 
lion on fhe magnetic coupling befween fhe crysfalline grains and fhe amorphous 
remainder. When fhe crysfalline volumefric fraction is low, fhe amorphous remain- 
der is weakly Fe-deplefed and fhe crysfalline grains are sfrongly coupled to fhe 
amorphous mafrix al low femperafure while fhey behave as single magnetic domain 
particle wifh superparamagnelic behaviour al high femperafure (see Figure 3a). 
This can be clearly evidenced Ihrough fhe significanl reduclion of fhe hyperfine 
field due to fhe crysfalline grains, which increases when fhe femperafure increases. 
Indeed fhe dislance befween grains is larger lhan fhe ferromagnetic correlalion 
lenglh, preventing Ihus magnefic coupling Ihrough fhe paramagnelic amorphous 
mafrix. On fhe conlrary, when fhe volumefric crysfalline fraclion increases, fhe 
intergranular phase becomes chemically helerogeneous as a consequence of fhe 
atomic diffusion mechanism, giving rise to Fe- and B-rich zones and Fe-M-rich 
zones (M = Nd, Zr, . . .). A slruclural modelling approach requires decomposition 
of fhe hyperfine disfribufion info differenl (Gaussian) componenls and comparison 
of Iheir positions wifh dala of lileralure; if is also imporfanf fo note lhal fhe fern- 
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Figure 3. Schematic representation of magnetic behaviours at high temperature as a function of the 
increasing volumetric crystalline fraction (a-d). Single arrays represent blocked magnetization (static 
regime) while double arrays symbolize the presence of magnetization fluctuations in single domain 
nanocrystalline grains, i.e. the superparamagnetic behaviour (see text). 



perature evolution of the hyperfine field distribution of the amorphous confirms 
fhe existence of different local orders. Nevertheless, the hyperfine stmcture of the 
intergranular phase at high temperature is disturbed because the magnetic grains 
might induce some polarization effects. Indeed, the prevailing contribution of the 
nanostructure implies short distances between crystalline grains, which become 
smaller than the ferromagnetic exchange length: it favours a progressive magnetic 
coupling between grains (see Figure 3), preventing thus the emergence of super- 
paramagnetic fluctuations. It is consistent with the occurrence of non-zero values 
of hyperfine fields at temperatures much higher than the “Curie temperature” of 
the amorphous matrix. Such a feature is usually explained by the presence of 
penetrating fields [35, 36] and/or dipolar contribution [37]. 

The stmctural modelling of the intergranular phase remains consequently a 
delicate task because the total hyperfine structure is not well resolved at low tem- 
perature preventing an easy decomposition while that of the amorphous component 
is disturbed at high temperature. However, it is suggested that the first atomic layer 
in close contact with the crystalline grains mainly consists of M atoms, preventing 
the diffusion of atoms towards grains and thus their growth. Moreover, further 
information evidenced by complementary techniques is needed. 



3. Nanostructured powders 

Because of their applied potentiality due to easy tailoring as well as their non- 
conventional physical properties, nanostructured powders usually prepared by high- 
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energy ball milling were widely investigated, since their development by Benjamin 
et al. in 1976 [38]. One distinguishes mechanical alloying, mechanical milling and 
mechanical grinding but these are solid-state powder processes involving itera- 
tive welding, fracturing, and rewelding stages, leading to equilibrium and non- 
equilibrium phases and metastable and successive states. The lack of long-range 
structural order is due to the presence of defects and/or grain boundaries, origi- 
nating a variety of atomic neighbourings, which can be evidenced by Mbssbauer 
spectrometry. 

Both Mbssbauer and magnetic studies of ball-milled nanostructured iron pow- 
ders (grain sizes ranged from 8 to 25 nm, according to the milling time) were 
controversially debated, especially the presence of grain boundary [39, 40], which 
was then attributed to an iron carbide (cementite Fe 3 C), the presence of C resulting 
from ball and vial contamination during the milling process [41]. Further low- 
temperature magnetic measurements reveal a transition from a ferromagnetic state 
at high temperature to a disordered regime, due to a collective freezing of the mag- 
netic moments of crystalline grains at low temperature. The authors suggest that 
the grain boundaries thus display a spin-glass-like behaviour [42], as previously 
concluded in the case of nanocrystalline FeRh alloys [43]. 

Beside ground iron powders, one has to mention small iron clusters produced by 
inert gas condensation technique and then consolidated together [44]. The Mbss- 
bauer study clearly reveals two almost equiprobable components: a 33 T magnetic 
sextet assigned to the crystalline bcc-Fe grains, the presence of a second magnetic 
component unambiguously attributed to the grain boundaries. Indeed the main 
characteristics were the following: higher isomer shift, higher hyperfine field at 
low temperature, larger linewidth and smaller Debye temperature. Those data are 
consistent with completely disordered iron grain boundaries as suggested by the 
gaslike concept [44]. 

During the last decade, much attention was devoted to some binary ferrous 
milled powders such as Fe-Mn, Fe-Ni, Fe-Cr, Fe-Ti, . . . , synthesized by me- 
chanical attrition in a high-energy ball mill, which were studied by a combination 
of techniques: X-ray diffractometry, transmission electron microscopy and Mbss- 
bauer spectrometry. Grain size, crystalline constraints were estimated from Bragg 
peaks broadening while the crystalline grains and the grain boundary component 
were quantified from Mbssbauer specfra, especially fhe hyperfine field disfribufion. 
The fhickness of grain boundaries was esfimafed al aboul 0.5 nm (2 alomic layers) 
in fcc-lype alloys (Fe-Mn, Fe-Ni), bul larger lhan Inm in fhe case of bcc-alloys 
(Fe-Cr, Fe-Mo and Fe-Ti [45]). 

The chemical order and fhe nalure of grain boundaries were sludied during 
the alloying process of elementary elements induced during the mechanical pro- 
cedure in the case of several binary systems. Indeed the intermixing process is of 
particular interest in the presence of non-miscible elements. The short-range and 
long-range ordering were respectively investigated by Mbssbauer spectrometry and 
X-ray or neutron diffraction, revealing thus metastable, transient, stationary states. 
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The shape of hyperfine field distribution allows to get a quantitative estimation 
of anti-site defects in the case of milled Fe-V alloys with different compositions, 
as a function of milling time and subsequent annealing treatment [46], while sta- 
tionary hyperfine field distributions Fe-M alloys (M = Cr, W) are interpreted 
as due to irregular interfaces between nanometer-sized Fe-rich zones and M-rich 
zones [47, 48]. 

In the case of equiatomic FesoReso and Fe 58 Ta 42 alloy, an “intermediate” phase 
is clearly identified during the solid-state reaction from the Mbssbauer spectra [48, 
49]. It is suggested that this “intermediate” phase is due to highly convoluted fractal 
interfaces between the powder grains, as also suggested by neutron small-angle- 
scattering [50, 51]. 

Several groups studied the bcc-FesoCuso solid solution prepared by mechanical 
alloying of elemental Fe and Cu powders. An increasing density of interfaces dur- 
ing further milling is observed, resulting in an interdiffusion of Cu and Fe, as sug- 
gested from the shape of hyperfine field distributions which clearly demonstrates 
that the Fe and Cu were alloyed on an atomic level [52]. 

Moreover, it has been recently shown that the contaminant atoms introduced 
during the milling process are preferentially located at grain boundaries, chemi- 
cally bonded with iron forming some extra phase. 

Those different examples clearly demonstrate how the structure of nanostruc- 
tured properties can be decomposed into two components and how the hyperfine 
structure can provide a quantitative estimate and a qualitative description of both 
crystalline grains and grain boundaries in the case of iron-containing powders. It 
is important to emphasize that the analysis of the hyperfine structure in terms of 
hyperfine field distribution requires close attention. The lack of resolution of the 
hyperfine structure is probably the most difficult point for getting accurate values of 
relative absorptions, leading then to the relative proportions of iron atoms located 
in these two zones. It is thus necessary to assume either similar recoil-free factor 
values or different recoil-free factor values but both composition and structure of 
grains and grain boundaries have to be well known. Studies of amorphous systems 
allowed to conclude that the values of recoil-free factor in amorphous alloys are up 
to 10% smaller than that of the analogous crystalline alloy [53]. The final stage is 
to estimate the relative volume but this requires the knowledge of the density and 
the chemical composition of each component. 

Another feature which might influence the hyperfine stmcture is due to the 
occurrence of polarization effects originating from interactions between grains. In- 
deed one expects that the crystalline grain and the grain boundary are characterized 
by two different Curie temperatures, the highest assigned to the crystalline grains 
(TjP) and the lowest to the grain boundaries (7]p®), assuming the same composition 
for both components. When the measuring temperature is ranged between and 
Tjp®, the magnetic behaviour results from single domain magnetic grains (because 
of their size) and paramagnetic grain boundaries (as intergranular phase). Such a 
description is schematised in Figure 4. 
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Figure 4. Schematic description of a nanostructured powder composed of grains and grain bound- 
aries (thickness A), both characterized by their Curie temperatures. 



The thickness of grain boundaries A has thus to be compared to the ferromag- 
netic correlation length which is estimated at about ten nm in the case of metallic 
systems. It is clear that the presence of narrow grain boundaries favours the mag- 
netic coupling between crystalline grains, probably originating the occurrence of 
polarization effects, modifying thus the hyperfine structure of the grain boundaries. 
Consequently, the fitting model has to be checked at various temperatures in order 
to identify the pure hyperfine strucfure fo be affribufed fo each zone. In confrasf, 
an unusual phenomenon was recenfly observed wifh paramagnefic nanocrysfalline 
grains separafed by ferromagnetic disordered grain boundaries [54]. Moreover, if 
is also imporfanf fo emphasize recenf sfudies on fhe role of grain boundaries on fhe 
magnetic and fransporf properties in islanded Fe(llO) fhin films [55]. 
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Abstract. Mossbauer spectroscopy has been used to study the magnetic structure of some 

intermetallic compounds having strongly correlated electronic properties including some magnetic 
superconducting compounds. The common characteristic of the presently studied systems is the fact 
that they have a crystalline structure closely related to the ThCr 2 Si 2 - and BaNiSn 3 -type of structures, 
where the transition metal carries no magnetic moment. This specific property allows using ^^Fe as 
Mossbauer probe located at the transition metal site to detect very small transferred hyperfine fields 
(6thf) from the neighboring rare earth sites, and in many cases, to determine the angle 6 between 
fithf the z-axis component of the electric field gradient (EFG). 

Key words: borocarbides, heavy fermion systems, magnetic structure, Mossbauer spectroscopy, 
superconductivity. 



1. Introduction 

Strongly correlated electron systems (SCES) present a variety of physical proper- 
ties that arise from the competition between Kondo effect and RKKY interactions 
[1]. The approach to the quantum critical point (QCP) in the Doniach phase dia- 
gram is followed by a decrease in the magnetic ordering temperature (usually of 
AE type). The variation of JAV can be induced by chemical doping and hydrostatic 
pressure in order to approach the QCP. The understanding of the anomalous as- 
pects of these systems naturally involves the study of their magnetic properties. 
Magnetism, superconductivity or the coexistence of both are the main features 
of the RNi 2 B 2 C and RNiBC (RS = rare earth or Y) compounds [2]. A better 
understanding of the variety of magnetic structures existing in these compounds 
and their connection with the superconducting state is necessary. 

The ^^Ee Mossbauer spectroscopy is not a very useful technique for studying 
the superconducting transition at Tc, however it is a powerful tool for the study of 

* Permanent address: II. Physikalisches Institut, Universitat zu Kdln, Ziilpicherstr. 77, 50937 
Koln, Germany. 
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magnetism by means of magnetic hyperfine interactions at the ^^Fe nucleus. This 
technique is used here to study the magnetic properties and structural properties 
by means of electrical hyperfine interactions, of the Ce(Rui_vFe;c) 2 Ge 2 , Ce(Coi_;c 
Fe^^)Ge 3 , RNi 2 B 2 C and RNiBC (R = rare earth or Y) series. A common character- 
istic of these compounds is that the ^^Fe probe carries no magnetic moment, which 
is ideal to study magnetic structures through the transferred magnetic hyperfine 
field (Bthf) at the ^^Fe nucleus from the neighboring magnetic atoms [3-5]. These 
systems crystallize in the tetragonal structure of the ThCr 2 Si 2 [6], LuNi 2 B 2 C [7] 
(both I4/mmm), LuNiBC [7] (P4/nmm) and BaNiSn 3 [8] (14/mm), respectively. 
The last two symmetry groups are variants of the group I4/mmm of the ThCr 2 Si 2 - 
type of stmcture. The magnetism of these compounds is exclusively due to the / 
moments of the R atoms and can be studied by the Bthf (via RKKY interaction or 
dipolar field) af fhe ^^Fe nucleus [3-5]. The magnetic and quadrupole interaction 
are, in general, of the same order of magnitude in these kinds of systems, and 
the transferred hyperfine fields are of the order of ~1 T. Therefore, to observe 
such small hyperfine fields it is necessary that the ^^Fe probe carries no magnetic 
moment, as it occurs in the compounds presented in this work. 



2. Results and discussion 

2.1. Ce(Rui_;cFej;)2Ge2 AND Ce(Coi_;tFe;c)Ge3 SYSTEMS 

The Ce(Rui_.,Fej 2 Ge 2 (0 ^ Jc-Fe ^ 1) series was the first system we have 
investigated using ^^Fe Mdssbauer spectroscopy, in which the Fe atoms carries 
no magnetic moment. The samples are formed in the ThCr 2 Si 2 -type of crystalline 
structure in the complete range of concentrations. The CeRu 2 Ge 2 orders ferromag- 
netically below = 7.5 K, with the Ce-/ moments aligned along the c-axis [9], 
while the CeFe 2 Ge 2 is a non-magnetic moderate heavy fermion (HF) system with 
Sommerfeld coefficient y ~ 400 mJ/molK^ [10]. 

Mdssbauer measurements were taken at two fixed temperatures, 4.2 K and 
300 K, shown in Figure 1. A clear asymmetric line shape of the spectra is seen 
for the Fe concentrations in the magnetic region, previously established by DC 
magnetization measurements. The Mdssbauer spectra at 4.2 K were analyzed using 
the diagonalization of the complete Hamiltonian, with quadrupole and magnetic 
interactions of similar magnitude and accounting for the angle 6 between Bthf and 
the z-axis component of the EFG. Specifically for this series, a double set of fitting 
parameters could be found, with no regarding for the correct physical picture. One 
of the possible sets of hyperfine parameters is shown in Figure 2. In any case, one 
can observe a rapid change of the direction of the magnetic moment of the Ce with 
x-Fe. This behavior is consistent with the DC magnetization measurements, which 
suggest a change from ferromagnetism to a spin glass type of behavior with Fe 
concentration [11]. Above x = 0.6 it is no longer possible to define 6 and Bthf from 
the fits. As shown by the bulk magnetic measurements, at a critical concentration 
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Figure 1. Mossbauer spectra of the Ce(Rul_;^-Fe.Y) 2 Ge 2 series at T = 4.2 K. 
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Figure 2. Hyperfine parameters vs x-Fe for the Ce(Rui_;^-Fe.t) 2 Ge 2 series: (•) 4.2 K and (o) 300 K. 



Xc ~ 0.7 occurs the break down of magnetism of the system [1 1] and this behavior 
is reflected in the Mossbauer data. 

There is a discrepancy in the values of QS above the magnetic transition and 
4.2 K in the low Fe concentrations of these compounds where the system is magnet- 
ically ordered. A detailed discussion of this anomalous behavior will be published 
elsewhere. 
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Temperature (K) 

Figure 3 . Temperature dependence of 6 thf ^^Fe nucleus in Ce(Coo.98^^Feo.o2)Ge3. 



We are also currently studying the Ce(Coi_;cFex)Ge 3 series [12, 13]. The 
CeFeGe 3 is a non-magnetic moderate heavy fermion system (y = 150 mJ/mol K^) 
[12], while CeCoGe 3 is a magnetic HF with a complex magnetic phase diagram 
presenting two transitions at ~21 K and ~18 K [13], possibly of antiferromag- 
netic (AF) type. The magnetic transition temperature decreases with the Fe doping, 
probably followed by a change in the kind of magnetic order. 

Assuming an AF spin arrangement, one could expect, in general, a zero trans- 
ferred field at the Fe site. The Fe probe is placed inside, and close to the base, of 
a pyramid formed by the Ce atoms in the BaNiSn 3 crystalline structure. Conse- 
quently, Bthf does not cancel completely at the Fe site, even for a collinear antifer- 
romagnetic order, leading to this small measured field (Figure 3). Any ofher kind of 
magnefic arrangemenf would also resulf in an observable Iransferred field, possibly 
with higher value of Bthf. Just for sake of clarity, in the ThCr 2 Si 2 -type of structure 
the Fe atoms sits inside a symmetric tetrahedra formed by R atoms, giving a zero 
Bthf for a AF spin arrangement of the R magnetic moments. 

Therefore, the nature of the magnetism for x-Fe = 0.02 is still not completely 
clear, since the position of Fe atoms in the lattice favors a non-zero transferred field 
for all kind of spin arrangemenf. From Mdssbauer measuremenfs fhe magnefic mo- 
menfs are probably aligned along fhe c-direcfion in an AF configuralion. However, 
more sfudies are needed in order fo completely undersfand fhe modification of fhe 
magnefic properties of CeCoGe 3 system infroduced by Fe-doping. 



2.2. RNi 2 B 2 C AND RNiBC 

The crysfalline sfrucfure of fhe RNi 2 B 2 C series can be viewed as a sfacking of 
Ni 2 B 2 layers spafially separafed by R-C planes. The defailed knowledge of fheir 
magnefic sfrucfure, which seems fo be responsible for fhe suppression of supercon- 
ducfivify in some compounds of fhis series, is imporfanf for fhe undersfanding of 
the interplay between superconductivity and magnetism. 
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Figure 4 . Crystal structures of (a) RNiBC and (b) RNi2B2C compounds. The relevant lattice 
parameters a and c’ used in the text are indicated. 



The similarities between the RNi 2 B 2 C and the RNiBC structure are illustrated 
in Figures 4(a) and (b): while in RNi 2 B 2 C [s(RC)i(NiB) 2 ] there are alternating 
layers of R-C and Ni 2 -B 2 , an additional R-C layer exists between the Ni 2 -B 2 
layers in the RNiBC [=(RC) 2 (NiB) 2 ] series. Thus, in both classes of compounds 
the Ni 2 -B 2 layers, which are responsible for superconductivity, are sandwiched 
between two R-C layers. These Ni 2 -B 2 layers are built from NiB 4 tetrahedra with 
a B-Ni-B bonding angle (p as indicated in Figures 4(a) and (b). In RNiBC series the 
lattice parameters c and d (see Figure 1(a)) turned out to be essentially independent 
of R with c = 7.55 A and d = 2.41 A [14, 15]. In RNi 2 B 2 C (see Figure 4(b)) 
(c/a) = 2 {d ! a), with d being the distance of the R-C layers between which the 
Ni 2 -B 2 layers are sandwiched and a being the lattice parameter in the basal plane. 
In the RNiBC compounds d is given by c' = c — <7 (Figure 4(a)). 

2.2.1. Magnetism in RM 2 B 2 C and RNiBC series 

The magnetic structure of the RNi 2 B 2 C and RNiBC were investigated by Mdss- 
bauer spectroscopy through the transferred magnetic hyperfine field (Bhf)^ mainly 
resulting from the four nearest neighbor magnetic R atoms (two from the R layer 
above and two from the R layer below the Ni plane), at the Ni site. 

TbNi 2 B 2 C develops an AF order at Tn ~ 15 K and a small ferromagnetic 
component below about 8 K has been observed [16]. However, more studies were 
necessary to know their specific ferromagnetic arrangement. The magnetic order at 
15 K becomes evident from the low-temperature ^^Fe Mdssbauer spectra shown in 
Figure 5(a), a magnetic broadening appears below 15 K. 

The temperature dependence of the transferred magnetic hyperfine field (Bhf) 
is shown in Figure 5(b). Bhf increases as the temperature decreases below T^, 
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Figure 5. (a) Mossbauer absorption spectra and (b) temperature dependence of Sjjf of ^^Fe and 
of the angle 6 between i?hf snd Vzz in Tb(Nio.99^^Feo.oi)2B2C. 



reaching a value of about 0.8 T at 8 K (see Figure 2(b)). Between 8 and 5 K, a 
small, but significant increase in Bhf is observed. Simultaneously below 8 K, the 
angle 0 between Bhf and the main component of the electric field gradient (in c 
direction) decreases to about 70° (Figure 2(b)). These results are consistent with the 
picture that one spin component of Tb remains fluctuating down to about 8 K and is 
locked below this temperature, a fact that we relate to the weak ferromagnetism [4]. 

GdNi 2 B 2 C is known to have AF order below Tn ~ 20 K, and with a rearrange- 
ment of spins below Tr ~ 14 K [17]. Lowering the temperature below Tn a 
symmetric broadening appears in the spectrum which further increases for lower 
temperatures (see Figure 6(a)). The temperature dependence of Bhf is shown in 
Figure 6(b). In order to explain the symmetric GdNi 2 B 2 C spectra with a combined 
magnetic and electrical quadrupole interaction the angle 9 between and 
either is just the so-called “magic angle” (9 ~ 55°) or is not well defined, i.e., 
all angles between 0^0^ 90° occur with equal probability. These results are 
in agreement with a spiral-like spin structure model proposed in [9] for the spin 
structure below Tr [5]. 

Neutron diffraction studies [18-20] reveal a ferromagnetic (FM) coupling be- 
tween neighboring R-C planes (separation d = 2.41 A). The coupling between the 
(R-C )2 double layers, however, turned out to be different along the RNiBC series, 
typical for systems wherein RKKY interaction is dominant: for Er [18], Dy and Tb 
[19, 20] it is FM, while it is simple collinear AF for Ho [18]. Such an AF coupling 
also was proposed for Gd [21]. 
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Figure 6 . (a) Mossbauer spectra of Gd(Nio.99Feo.oi)2B2C in 22 K ^ T ^ 4.2 K. 
(b) Temperature dependence of fihf at the ^^Fe nucleus in Gd(Nio.99Feo.oi)2B2C. 




Figure 7 . Temperature dependence of the Stjjf at the ^^Fe nucleus for the Er(Nio.99^^Feo.oi)BC 
(open squares) and for the Tb(Nio.99^^Feo.oi)BC (full circles). The indicated temperatures are 
the ferromagnetic TpM and the antiferromagnetic Tam transitions observed by preliminary neutron 
diffraction measurements in TbNiBC [ 20 ]. 



From Mossbauer experiments a transferred Bhf> at the Fe (Ni) site was observed 
for the FM Er and Tb but not for the AF Ho and Gd. The temperature dependence 
of Bhf for Er nicely follows the magnetization curve for T ^ Tm ~ 4.7 K (Eig- 
ure 4). In the case of Tb, however, a magnetic broadening of the quadrupole doublet 
already starts below 24 K. 
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The temperature dependence of Bhf for Tb is shown in Figure 7, where the 
onset temperatures Tfm and Taf for FM and AF order, respectively, as obtained 
from neutron diffraction data [19, 20] are indicated by arrows. To understand the 
Bhf(T’) as shown in Figure 4, we need to look at the neutron diffraction results: 
TbNiBC displays a 2-dimensional magnetic ordering (two closest layers coupled 
ferromagneticaly, with their moments in the basal plane, and without magnetic 
coupling between the double layers) at around 25 K, a 3-dimensional ferromag- 
netic ordering at 15 K and below 12.5 K a combined ferro- and antiferro-magnetic 
ordering. Therefore, the Bhf observed between 15 ^ T ^ 25 K may indicate a 
short range 2-dimensional magnetic ordering and below ~14 K the ^^Fe nucleus 
senses a transferred due to the 3 -dimensional ferromagnetic ordering of the Tb 
moments. 

No magnetic hyperfine field, on the other hand, was observed for Ho, Dy and 
Gd. This is in agreement with the experimental data for Ho and Gd. However, this 
result is not clear for the Dy compound whose magnetic structure is very similar to 
that found for the Tb by neutron diffraction. 

2.2.2. Superconductivity and magnetism in RM 2 B 2 C: Pair breaking field 

HoNi 2 B 2 C orders AF at = 8.5 K and becomes a superconductor at 8 K. An 
incommensurate modulated magnetic structure appears at ~6 K (see Figure 8(a)), 
which seems to be responsible for the reentrant behavior, i.e., the suppression of 
superconductivity between 4.7 K < T < 6 K [2] (Figure 5(b)). 

The loss of superconductivity in this range of temperature is attributed to the 
appearance of a pair breaking field af fhe Ni layer, where ^^Fe probe is locafed. 
The Iransferred Bhf af fhe Ni(^^Fe) site, resulting from fhe fourth nearesf neighbors 
of Ho atoms (fwo from fhe Ho layer above and fwo from fhe Ho layer below fhe 
Ni plane), will nol cancel in fhe inferval 4.7 K < T < 6 K, due to fhe incommen- 
surate AF sfrucfure of HoNi 2 B 2 C, as shown in Figure 8. The Iransferred magnetic 
hyperfine field (Bhf) shown as a function of fhe femperafure (Figure 8(c)), reveals 
clearly fhaf such a magnetic pair breaking field indeed exisfs in fhe reenfranf region 
for fhe HoNi 2 B 2 C compound. Such a kind of pair breaking field is nol observed in 
case of DyNi 2 B 2 C and ErNi 2 B 2 C, where superconduclivily coexisls wilh magnelic 
order [3]. 

2.2.3. Superconductivity and structural features 

^^Fe ME sfudies of RNi 2 B 2 C compounds [22, 23] above Iheir magnelic ordering 
lemperalures reveal one quadrupole doublel whose splitting | AEqI increases from 
Er 10 Gd. The | A £q | values for RNiBC (R = Er, Ho, Dy, Tb, Gd) and for RNi 2 B 2 C 
(R = Er, Ho, Dy, Tb, Gd, Nd, Pr) are plotted in Eigure 9 as a funclion of fhe 
slruclural parameter (c' /a) which is a measure for fhe B-Ni-B bonding angle (p 
(see Eigures 4(a) and (b)). 
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Figure 8 . (a) Magnetic structure of the HoNi2B2C for three different temperature regions, (b) Xac, 
(c) Sjhf at the Ni site, and (d) temperature dependence of ^^Fe Mossbauer spectra for the 
Fio(Nio.99^^Feo.oi)2B2C compound. 




Figure 9 . Room temperature quadrupole splitting |A£q| observed in RNiBC and RNi2B2C 
compounds as a function of the (c'Vfl)-ratio. 
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Figure 9 shows that all compounds, RNi2B2C as well as RNiBC, have the same 
linear correlation between {c' /a) and |A£q|. This clearly indicates that both the 
crystallographic and the electronic structure (which determine AFq) at the Fe(Ni) 
site in RNiBC and RNi2B2C compounds are very similar for equal structural para- 
meter (c'/a). Furthermore, since IAF'qI is a measure for the deviation from ideal 
tetrahedral symmetry, we have to conclude from Figure 9 that the NiB4 tetrahedra 
in RNiBC compounds show a stronger deviation from ideal tetrahedral symmetry 
than those in RNi2B2C compounds. Considering the band structure calculations by 
Mattheiss et al. [ 24 ], which have shown that ideal tetrahedral symmetry of the NiB4 
tetrahedra happens to coincide with a relative high density of states at the Fermi 
energy, it becomes evident why the structure of the RNiBC compounds (stronger 
deviation from ideal tetrahedral symmetry of the NiB4 tetrahedra) is less favorable 
for superconductivity than that of the RNi2B2C compounds. 

A deviation of the ideal tetrahedral symmetry of the NiB4 in LuNi2B2C can be 
experimentally obtained by doping the Lu site with the nonmagnetic La. Because 
these samples are nonmagnetic, there is no magnetic influence on superconductiv- 
ity and the depression of Tc will be determined only by structural effects (change 
of {d /a) parameter). The above arguments are also valid for YNi2B2C if doped 
with La. 

In order to see if there is any relation between this structural parameter and 
we have plotted in Figure 10 the value for LuNiBC [ 25 ] together with those 
for the non-magnetic RNi2B2C (R = Lu, Sc) compounds, the non-magnetic mix- 
tures (Lui_,:La;c)Ni2B2C [ 26 ], (Yi_;tLa,:)Ni2B2C [ 27 ] and the magnetically or- 
dered RNi2B2C (R = Tm, Er, Ho, Dy) compounds as a function of the {d /a) 
parameter. The non-magnetic LuNi2B2C, ScNi2B2C, (Lui_j;Lar)Ni2B2C and Lu- 
NiBC show a linear relation between {d /a) and (solid line in Figure 10 ). The 
non-magnetic mixtures (Yi_;tLaj^)Ni2B2C also show a linear relationship between 




Figure 10. Superconducting transition temperatures of RNi 2 B 2 C [28], (Lui_j^Lajc)Ni 2 B 2 C [26], 
(Yi_^Lat)Ni 2 B 2 C [27], LuNiBC [25], and YNii_j.Cu;tBC [29]. 
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{d ! a) and (dashed line in Figure 10 ) with a slope which is identical to that for 
the other non-magnetic compounds. This slope of vs {d j a), is thus a measure 
for the decrease of with decreasing {d /a). 

The Tc values found for (Y i_^:La;c)Ni2B2C are higher (for the same {d /a) value) 
than those of RNi2B2C family of borocarbides. This feature is likely related to 
the fact that the Y does not behave as a rare earth in these series of compounds. 
Furthermore, the YNiBC becomes superconducting when doped with Cu [ 29 ], and 
their Tc vs d ja plot follows quite the same trend observed for the Y i_j:La;cNi2B2C 
series (Figure 10 ). 

Quite surprisingly the magnetically ordered RNi2B2C (R = Dy, Ho, Er) com- 
pounds with Tn close to are on the same line as the non-magnetic compounds. 
Only Tc of TmNi2B2C with Tc is slightly below the line (see Figure 10 ), indi- 
cating that there is a clear paramagnetic pair-breaking effect due to exchange scat- 
tering in the framework of Abrikosov-Gorkov theory for this compound. Thus, the 
pair-breaking effect of the R magnetic moment seems to be very small for Dy, Ho, 
Er and it is ATc ~ — 2 K for Tm. This finding is quite in contrast to the generally ac- 
cepted opinion that Tc in all magnetically ordered RNi2B2C compounds scales with 
the de Gennes factor [ 30 , 31 ]. However, it is in perfect agreement with very recent 
theoretical calculations [ 32 ] which have shown that the Ni( 3 J), electrons which are 
mainly responsible for superconductivity, do not feel the R magnetic moments in 
the case that the R magnetic moments are AF ordered, i.e., for Dy and Ho. 

We want to point out that the mixtures Y]_;tGd^Ni2B2C [ 33 ] (dotted line in 
Figure 10 ) and Lui_,:Gd^Ni2B2C [ 34 ] cannot be considered in our linear relation 
of Tc with {d ja), because in both cases, the pair breaking effect (Tc will decrease 
according to Abrikosov-Gorkov theory) is more effective in reduction of Tc than 
the structural effect. 

Taking into account what was discussed above, the (d /a) parameter (a measure 
of the distortion of the NiB4 tetrahedra) seems to be a relevant parameter which 
determines Tc in all non-magnetic and antiferromagnetically ordered RNi2B2C and 
RNiBC compounds. On the other hand, the Tc scale with (d /a) ratio (Figure 7 ) 
and the de Gennes factor [ 20 ] in a similar way for the heavy rare earth RNi2B2C. 
However, in the Abrikosov-Gorkov framework it is not possible to explain the 
differences in Tc of the nonmagnetic LuNi2B2C, ScNi2B2C, YNi2B2C, LaNi2B2C, 
and the R-C double layer LuNiBC compound. 

The superconducting properties of the RNi2B2C phases are attributed to an 
electron-phonon mechanism [ 24 ]. Although the Fermi electrons in these materials 
have predominant Ni (3 J) character, the superconductivity occurs only when a spe- 
cial s-p band is optimally aligned relative to the Fermi level (i.e., when the NiB4 
tetrahedra angles are nearly “ideal”) and which exhibits strong electron-phonon 
coupling [ 24 ]. 

Since we expect that the structure by itself cannot determine Tc, more work 
is necessary to elucidate the role of the structural effects on the electron-phonon 
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coupling, which seems to be essential to describe the nature of the depression of Tc 
in the rare earth-nickel-borocarbides series of compounds. 



3. Conclusion 

We have shown that ^^Fe Mossbauer spectroscopy is a valuable technique to study 
the R spins arrangement in compounds where the Mossbauer probe carries no 
magnetic moment. The SCES we have studied belongs to a class of materials 
with a crystalline structure satisfying this condition, and it was possible to detect 
very small transferred hyperfine fields, as well as the direction of the R magnetic 
moments. Furthermore, Mossbauer spectroscopy clearly indicated that the crys- 
tallographic and the electronic structure of RNiBC and RNi2B2C are very similar 
for the same structural parameter (c'/a). This was the common characteristic that 
allowed to find fhe exisfence of a linear correlation between and c'/a, for both 
series of compounds. 
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Magnetism in FeCl2 at High Pressures 

W. M. XU and M. P. PASTERNAK 
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Abstract. Anhydrous FeCE has been studied by ^^Fe Mossbauer effect up to 61 GPa and at 5 < 
T < 300 K using diamond-anvil-cells. In the 3.5-31 GPa range an average hyperfine field of ~1.2 T 
is observed, attributed to mutual cancellation of Fermi-contact and orbital terms. At P 34 GPa 
the orbital term is abruptly quenched resulting in enhanced hyperfine field. At P > 42 GPa the onset 
of a diamagnetic phase is observed, signifying a total collapse of magnetism at P >61 GPa. 

Key words: high-pressure, Mossbauer spectroscopy, ferrous halide, magnetism, spin crossover, Mott 
transition. 



1. Introduction 

For many decades anhydrous FeCl 2 has attracted the interest of Mossbauer spectro- 
scopists. This compound which orders antiferromagnetically at rather low temper- 
ature (~24 K) exhibits the unusual spin-flop phenomenon (matamagnetism) [1]. 
Despite the Fe^+ large magnetic moment of 4.5 /xb as obtained from neutron dif- 
fraction studies [2] a surprisingly small hyperfine magnetic field, //hf, of 0.45 T 
has been measured at T ^ Tn [3]. This has been explained in terms of a nearly 
cancellation of the Fermi-contact and the orbital terms contributions to the hyper- 
fine field. Pressure studies to 0.5 GPa by Vettier and Yelon [4] reported a struc- 
tural phase transition at about 0.4 GPa, from a rhombohedral r-FeCl 2 phase to a 
closer packed, hexagonal, h-V&CXi phase with a CdU structure-like, isomorphous 
to ferrous bromide and iodide at ambient pressure. 

The ferrous halides are Mott insulators, i.e., apart from ordering antiferromag- 
netically they are also good insulators. The reason being the strong electron-elec- 
tron correlation within the J-bands resulting in (i) narrow J-bands, therefore in 
relatively large moments, and in a large d-d (f/-gap) or d-p energy gap (A-gap). 
External pressure being an excellent non-evading tool has been chosen for tuning 
this band gap, bearing in mind that with pressure the bandwidth increases and even- 
tually the gap will close, leading to delocalization of the electronic wave function, 
hence metallization. This will concur with the collapse of the magnetic moment [5]. 
With the analogous FeU [6] a pressure induced orbital momentum quenching has 
been observed at 18 GPa. Above 28 GPa and down to 5 K no magnetic interac- 
tion has been detected, leading to the conclusion that a paramagnetic-diamagnetic 
transition took place. Resistivity studies asserted the onset of a metallic state. 
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In the present work high-pressure (HP) magnetic and structural properties of 
FeCl 2 were studied for the first time using ^^Fe MS up to 61 GPa in the temperature 
range of 5-300 K. The main purpose of this study was to monitor the progressive 
transformation of the magnetic state with decreasing interatomic distances and for 
possible structural changes near the Fe region. 

2. Experimental 

The sample was prepared by metal-vapor reaction of the elements sealed in an 
evacuated quartz tube. PdCl 2 and metallic iron enriched to 25% in ^^Fe were heated 
to 700° C. Dry and pure CI 2 vapor obtained from the decomposition PdCl 2 reacted 
with Fe to finally produce microcrysfals of fhe fransparenf anhydrous FeCl 2 . Be- 
cause of fo fhe exfreme delinquency of fhe maferial, fhe sample had fo be freafed 
and loaded info fhe diamond anvil cell (DAC) under excepfionally dry condifions 
using a special glove box. The size of fhe anvils culef was 400- /xm in diamefer and 
Re gaskef wifh inifial sample cavify dimensions of 100-/xm diamefer by 40-/xm 
heighf was used. Liquid argon was used as a pressure fransmiffing medium and fhe 
pressure gradienf was ~5% as measured by fhe ruby fluorescence mefhod. 

Mdssbauer specfra were recorded up fo 61 GPa and in fhe 5-300 K femperafure 
ranges using a fop-loaded, variable-femperafure, LHe cryosfaf. The source used 
was a commercial 10 mCi ^^Co(Rh) point source (0.5 mm x 0.5 mm). Specfra 
recorded af T < Tn and up fo 34 GPa were analyzed using a general program 
fhaf combines magnetic and elecfric field gradienf (efg) inferacfions of comparable 
magnifude [7]. Due fo fexfure effecls caused by lack of perfecl hydrosfalic condi- 
fions in fhis anisofropic layered compound, partial polarization of fhe y-rays wifh 
respecf fo main axis of fhe efg was presenf and was faken info accounf during 
specfra tiffing procedures. For specfra recorded in fhe 34-50 GPa range af T < T^, 
the following Hamiltonian, applicable for magnetic interaction larger than electric 
interaction, was used: 



where /x is the nuclear moment, f and are spin-operators, 7/hf is the hyperfine 
field, e^q^^Q is fhe quadrupole coupling, fwice fhe value of QS, fhe quadrupole 
splitting, and 9 is angle befween 7/hf and q^^. 

3. Results 

Typical Mdssbauer specfra recorded in fhe 3.5-61 GPa range af 300 K (paramag- 
netic phase) and 5 K are shown in Figures 1 and 2, respecfively. In Figure 3 we 
summarize fhe pressure dependence of fhe various hyperfine paramefers and fhe 
variation of fhe Neel femperafure wifh pressure is shown in Figure 4. The latter was 
determined from fhe H^fT, P) dafa. Based on fhe distinctive changes in fhe specfra 
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Figure 1. Mossbauer spectra recorded at 300 K and at various pressures. The solid line is the the- 
oretical fit to the experimental points. The dotted lines in the 48-58 GPa spectra represent the new 
diamagnetic phase, dashed lines represent the remnant of the previous phase. 




Figure 2. Mossbauer spectra recorded at 5 K (T ^ 7 n). The solid line is a theoretical spectrum 
taking into account texture effects (see text). At 34 GPa one observes the onset of a large //jjf 
coexisting with that of the previous phase (dashed-dot line). At 51 GPa a coexistence of the magnetic 
(dotted line) and a non-magnetic (dashed line) is observed and at 61 GPa the magnetic interaction is 
quenched. 
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features caused by either crystallographic and/or band-structure phase transitions 
occurring with pressure increasing, the Mdssbauer results are classified into three 
pressure ranges: 0-34 GPa, 34^2 GPa and 42-61 GPa. In what follows we discuss 
and propose possible interpretations of the drastic differences pertinent to these 
three pressure ranges regimes. 

4. Discussion 

0-34 GPa In this range spectra recorded at J > 7 n were fitted with a single 
quadrupole-split component. As can be seen in Figure 1, because of texture ef- 
fects the intensities of the two lines at 34 GPa are unequal. This is due to texture 
effects. The large values of the isomer shift (IS) and QS are typical of ferrous 
compounds. As can be seen from Figure 3a, the gradual decrease in IS, which in 
^^Fe is proportional to the negative value of the ^-electron density at the nucleus 
(Pi(0)) suggests a gradual increase in density, of about 15% in this pressure range. 
One also observes a gradual increase in efg (Figure 3b) explained as a pressure- 
induced distortion of the FeClg octahedron consequential of a relative elongation of 
Cl-Fe-Cl length along the z-axis, the symmetry axis of This trend in distortion 
reaches a maximum at ~15 GPa after which the equatorial FeClg distances start to 
increase. At ~35 GPa QS reaches its ambient pressure value. Measurements carried 
out at T ^ Tn reveals an unusual small H^f (see Figure 3c). In this pressure range, 
//hf varies between 0.4, at 0 GPa, to 1.5 T, reaching 5 T maxima at ~15 GPa. 

The two important mechanisms that contribute to the hyperfine field of Fe^+(d®) 
are fhe Fermi-contact term //c which is proportional fo (ps(t) ~ Ps(l))> the dif- 
ference in spin-up and spin-down densify af fhe nucleus, and fhe orbifal term, //orb 
which can be expressed as: 

//orb = -2/XB(r-')(/,), (2) 

where (/j) is fhe z-componenf of fhe orbital angular momenfum and, /xb is fhe Bohr 
magnefon. Generally //orb is positive whereas Fl^ is negative [3]. In fhe h-V&Cli 
phase I //orb I is comparable fo |//d, resulting in fhe small //hf. The spatial depen- 
dence of //orb in r~^ , similar fo fhaf of efg, is manifested in fhe pressure variafion of 
//hf (Figure 3c) which follows fhe frend of fhe QS. Also, from fhe tiffing parameters 
we find fhaf ~ 0°, suggesting fhaf fhe momenfs are aligned along fhe c-axis, 
which suggesfs fhe same orbifal level scheme as in r-FeCl 2 in which fhe componenf 
of fhe orbifal angular momenfum lies along fhe frigonal axis [8]. In fhis pressure 
range increases subslanfially, reaching ~200 K af 32 GPa (see Figure 4). 

34—42 GPa A drastic increase in //hf is observed af 34 GPa (see Figure 1). Wifh 
some remnanfs of fhe /i-FeCl 2 phase lefl, fhe specfrum consisfs of a symmefric 
sexfef characterized by //hf = 36 T, fen limes fhaf of ils maximum value in fhe 
0-34 GPa range. The hyperfine parameters were oblained from leasl-squares filling 
using fhe Spin-Hamiltonian described in (1). A value of e^qQOcosf 6 — 1) = 0 
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Figure 3. Pressure dependence of the hyperfine field parameters. In the 0-48 GPa range the IS(P) de- 
creases gradually indicating a monotonous increase in the .s-density. In the 47-61 GPa a diamagnetic 
phase (*) evolves with considerably smaller IS. Values of IS are with respect to Co(Rh) at 300 K. 




Pressure/ GPa 

Figure 4. The progressive increase in as function of pressure. The value at 0 GPa was taken 
from [4]. At P > 45 GPa the magnetic interaction collapses. The straight line through the 
experimental points is a guide to the eyes. 



is deduced causing the symmetric magnetic spitting pattern. Since QS as measured 
at r > Tn is definitely not zero (see Figures 1 and 3) one must conclude that the 
angle 6 between the principal axis of the efg and that of the magnetic moment is 
~55°. The same 9 has been deduced in MI 2 [9] and C 0 I 2 [10], isostructural layered 
compounds. At 40 GPa, and at T < Tn, no remnants of the low-pressure phase is 
observed; only a magnetic-split spectrum is present. 
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Although drastic changes occur in the hyperfine field, no observable changes 
occur in the IS and QS (see Figures 1 and 3). This suggests that no abrupt volume 
change and no distortion of the Fe-Cl octahedra take place. This jump in //hf is 
explained as due to orbital-term quenching caused by the significant increase in 
the crystal field spliffing wifhin fhe low-lying levels manifold. The resulfs 
show fhaf once lODq reaches a critical value exceeding fhe exchange energy a 
discontinuous quenching occurs. This will also resulf in a change in fhe direction 
of fhe efg principal axis wifh respecf fo //hf. In fhis pressure range 7 n increases 
furlher, reaching a value close fo 275 K af 42 GPa (see Figure 4). QS af T > T^, 
is independenf of pressure in confrasf fo ifs behavior af fhe previous pressure-range 
regime. 

42-61 GPa Af P > 45 GPa drastic changes occur. Room-femperafure Mbss- 
bauer specfra in fhis pressure range clearly show fhe onsef of a new doublel (see 
Figure 1) characterized by a considerably smaller IS (0.4 mm/s) and IQSI (0.4 mm/s). 
The sharp drop in IS implies a firsl-order phase fransifion accompanied by a volume 
decrease and fhe decrease in QS suggesfs fhe formalion of a more symmefric Fe-Cl 
ocfahedron. No magnetic inferacfion is observed down fo 5 K (see Figure 2); fhe 
new high-pressure phase is diamagnetic and ifs abundance increase reaches 100% 
af 60 GPa. This diamagnetic phase can be accounted for eifher due fo a high fo low- 
spin (HS ^ LS) fransifion of Fe^+ or fo a Mott fransifion in which fhe magnetic 
momenf collapses buf if should concur wifh mefallizafion. The firsl mechanism is 
a resulf of crysfal field spliffing increase wifh pressure whereas fhe second mecha- 
nism is created by d-d or p-d bands closure. Bofh phenomena have been observed 
in high-pressure sfudies of similar binary ferrous compounds. The Mott fransifion 
is responsible for fhe collapse of magnetism in Fel 2 [6], whereas in fhe case of 
FeO [11] a spin-crossover is responsible. In bofh mechanisms one would expecf a 
subsfanlial diminishing in Fe^+ radius, which explains fhe sudden decrease in fhe 
IS, e.g., increase in i'-denshy. 



5. Summary and conclusions 

In fhe presenf work high-pressure hyperfine inferacfion sfudies of FeCl 2 phases 
induced by pressure have been carried ouf using ^^Fe MS. In fhe h-FeCh low 
pressure phase, wifhin fhe 3.5-31 GPa range, very small H^f values, 1-5 T, have 
been measured. The phenomenon is explained on fhe basis of mufual cancellation 
of fhe Fermi-contact and orbital terms. At ~34 GPa, a sudden jump of //hf to 
36 T is observed concurrent with the disappearance of the quadrupole shift and 
no change in IS. This is explained as due to crystal field increase. As a resulf fhe 
orbifal term is quenched and fhe magnetic momenf, previously parallel fo fhe 
symmefry axis, is now filled by ~55°. 

Af P > 42 GPa, fhe onsef of a nonmagnetic phase lakes place, coexisling wifh 
the previous phase up to 61 GPa when magnetism in FeCl 2 collapses completely. 
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Abstract. The electronic structure of the dimeric iron complex [Fe 2 (bbpo)Cl 4 ]”“ with the tetran- 
ionic ligand l,2-bis(3,5-di-terf-butyl-2-hydroxyphenyl)oxamide was studied in two different oxida- 
tion states. Combined Mdssbauer and EPR investigations in conjunction with magnetic suscepti- 
bility measurements are used to demonstrate the complementarity of the techniques. The dianion 
[Fe2(bbpo)Cl4]^“(2) is a high-spin iron(III) compound with magnetic properties resulting from 
competing exchange and zero-field interactions of the iron sites. Unusual integer-spin EPR spectra 
could be recorded from an excited spin septet, 5t = 3, of the coupled system. Electrochemical 
oxidation yields the monoanion [Ee 2 (bbpo°’'')Cl 4 ]“ ( 2 °*) which also is an iron(III) compound; the 
ligand is redox non-innocent and forms a n radical that is bound to one of the iron centers and 
the total spin St = 1/2 ground states of the molecule originates from exchange coupling of the 
three paramagnetic centers. A simplified spin coupling scheme assuming infinitively strong radical- 
iron(III) interaction yields a reasonable and rational interpretation of the magnetic and electronic 
properties of 2***. 

Key words: bioinorganic chemistry, molecular magnetism, non-innocent ligand, exchange interac- 
tion, integer spin EPR, applied field Mdssbauer. 



1. Introduction 

Measurements of the electronic structure are fundamental for the understanding of 
the physical and chemical properties of transition metal complexes, and hyperfine 
interactions are effective probes of the distribution of valence electrons. In this 
program ^^Le Mdssbauer spectroscopy is a selective and valuable technique which 
is independent of spin- and valence states for iron-containing complexes, in con- 
trast to general magnetic resonance techniques. While Mdssbauer spectroscopy can 
well stand on its own also in (bio)inorganic applications, its power is substantially 
increased when it is combined with EPR and magnetic susceptibility measure- 
ments. The approach will be demonstrated here for an inorganic molecule with 
unusual oxidation states and interesting redox behavior including oxidations of 
non-innocent ligands. The experimental techniques applied are controlled-potential 
electrochemistry, UVvis-, EPR- and ^^Ee-Mdssbauer spectroscopy and magnetic 
susceptibility measurements at variable temperatures and magnetic fields. Prom fhe 
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interpretation of the complementary data a consistent description of the electronic 
structures of the different redox derivatives will be derived. 



2. Materials 

The tetranionic ligand l,2-bis(3,5-di-tcrt-butyl-2-hydroxyphenyl)oxamide, 
H 4 (bbpo), coordinates trivalent transition metal ions and forms dimeric complexes. 
The di-iron(III) compound was obtained as the green crystalline salt [N(n-Bu) 4]2 
[Fe 2 (bbpo)Cl 4 ] and its molecular structure was determined from single-crystal 
X-ray diffraction measurements. A schematic view of its dianion, [Fe 2 (bbpo)Cl 4 ]^“ 
(compound 2), is shown in Scheme 1. The iron sites are bridged by an oxamide 
group and the iron distance is 5.54 A. Two o-aminophenolate units in the molecule 
provide potentially redox-active ligand groups that bind to the central ions. The 
cluster can be taken as spectroscopic model for enzymes with redox active organic 
ligands in the vicinity a transition metal center. The synthesis, details of molecular 
structure, electrochemical and spectroscopic properties were described recently 
[1] as well as the experimental methods [2, 3]. Here we describe the systemat- 




Scheme 1. Schematic view of the molecular structure of [Fe 2 ^*(bbpo)Cl 4 ]^“ (2) and spin coupling 
scheme of the oxidized molecule (2”*) with two ferric ions and a ligand radical. The zick-zack 
arrow indicates the part of the molecule (aminophenolate group) that is attacked by electrochemical 
oxidation at the formation of 2°*. 
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ics of the spectroscopic investigations by using applied-field Mdssbauer and EPR 
spectroscopy and magnetic susceptibility measurements. 

Solutions of the di-anionic complex 2 in CH 2 CI 2 can be reversibly oxidized 
by electrochemical methods at —0.5 V (vs. ferrocenium/ferrocene couple) and 
coulometric conversions yield quantitative amounts of the one-electron oxidized 
mono-anion 2“* [1]. Since the solvent dichloromethane is opaque for the 14 keV 
^^Fe Mdssbauer radiation and the product is much less stabile in other solvents, the 
solvent had to be removed for preparations of Mdssbauer samples. To this end a 
1-ml aliquot of oxidized complex 2°* generated in CH 2 CI 2 solution (0.10 M [N(n- 
Bu) 4 ]PF 6 ) at 248 K was transferred to a Mdssbauer cup and the solvent CH 2 CI 2 
was evaporated under reduced pressure at 243 K within 2 h. Subsequently, the 
sample was rapidly cooled to 80 K. In a parallel experiment the remaining solution 
was monitored spectrophotometrically in order to check the redox stability of the 
monoanion. No decomposition was detected within a 2 h time span. 

3. Results 

3.1. IRON VALENCE AND MOLECULAR OXIDATION STATES 

Zero-field Mdssbauer specfra of solid 2 and 2°* were recorded af 4.2 K. Under fhese 
conditions bofh compounds show slighfly asymmefric quadrupole doublefs wifh 
virfually identical isomer shifls of 0.45 ± 0.03 mm s“' and very similar quadrupole 
splittings of 0.98 ± 0.02 mm s“' and 0.92 ± 0.08 mm s“' (Figure 1). The values 
are fypical for high-spin ferric ions. The quadrupole splittings are large in view of 
the S -state of the ferric ions which have no valence contribution to the electric field 
gradienf (efg) tensor (af teas! in a ligand-field description). The observed large efg 
discloses considerable asymmetry in covalency of fhe iron 3d^ configurafion which 
musf be induced by differences in chloride and phenolafe ligand bonds. Similar val- 
ues are found for ofher asymmefrically coordinafed high-spin ferric ions. Iron(III) 
0 x 0 groups are fypical examples [4]. The presence of almost identical electric 
Mossbauer parameters clearly shows that the one-electron oxidation of 2 is a ligand 
centered process and a ligand radical is formed in 2°* instead of the formation of 
an high-valent Fe(IV) ion. Hence, H 4 (bbpo) is a redox-active, non-innocent ligand. 

The line width of the zero-field specfrum of 2°* is apparenfly much larger fhan 
fhaf of fhe non-oxidized sfarfing complex 2 (and Iherefore fhe Mdssbauer para- 
mefers are less accurafe). The broadening, however, is nol related fo strucfural 
inhomogeneify of fhe sample, buf is of magnefic origin. The fealure is fypical 
for compounds wifh odd number of unpaired elections and half-integer spin. In 
contiasf fo integer-spin complexes like 2, Kramers sysfems like 2*’* (5 = 1 /2, see 
below) show sizable spin expecfafion already af fhe very weak earlh-field. Because 
of fhe quenched orbifal momenfum of fhe S-sfafe ion, fhe spin relaxation rates 
are oflen in infermediafe range or close fo limif of slow rates. Hence, residual 
magnefic momenfs induce hfs and line broadening. Complex 2, on fhe ofher hand, 
has narrow Mdssbauer lines in zero field because exchange inferacfion of fhe iron 
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Figure 1. Zero-field Mossbauer spectra of [Fe 2 ^(bbpo)Cl 4 ]^ (2) and [Fe™(bbpo“^)Cl 4 ] (2°*). 

sites apparently leads to integer total spin states, which do not show sizable spin 
expectation values without moderate polarizing fields. 

3.2. MAGNETIC PROPERTIES OF THE NON-OXIDIZED DIANON 
[Ee^"(bbpo)Cl4]2“(2) 

Magnetic properties of dimeric iron complexes are usually dominated by exchange 
interaction of the iron sites. Experimental data obtained from static magnetic sus- 
ceptibility measurements, EPR, and applied-field Mdssbauer specfra can be de- 
scribed wifhin fhe spin fhe Hamilfonian formalism fhaf parameferizes elecfronic 
exchange interaction, single-ion zero-field spliffing (zfs) and Zeeman inferacfions 
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by using: 

H = -US, -S2+Y. {D,[SI - \SiiS, + 1) + E/D{Sl. - 5^ .)] 

i=l.2 

+ /tbS, ■ gi ■ B]. (1) 

For the diiron compound 2 , the spins are .Si = 5/2, S 2 = 512. J is the (isotropi- 
cally taken) exchange coupling constant, and D and E/D we. the axial and rhombic 
zfs parameters. After diagonalization of the Hamiltonian , EPR resonances can be 
derived from the eigenvalues E, of the spin system, magnetic moments correspond 
to the derivatives of the eigenvalues, dEi/dB, and EPR transition probabilities 
and the spin expectation values are obtained from the eigenfunctions. Electric and 
magnetic hyperfine splittings of the ^^Ee nuclear levels are described by the usual 
nuclear Hamiltonian [5]. 

Eigure 2 displays the magnetization Mmoi of solid 2 measured in the temper- 
ature range 2-300 K using a SQUID magnetometer at fields of 1, 4 and 7 T. 
The data were sampled on a l/T scale and the molar susceptibilities were cor- 
rected for underlying diamagnetism by use of tabulated Pascal constants (xdia = 
— 825 • 10“^ cm^ moUQ. Apparently, the spins of the two ferric ions in 2 are 
weakly antiferromagnetically (AE) coupled; the complex possesses a total spin 







Figure 2. Temperature dependence of the molar magnetization of [Fe^'^tbbpofCE]^” (2) at fields of 
1, 4 and 7 T. The lines are spin Hamiltonian simulations using Equation (1) with 5i = 5/2, S 2 = 5/2. 
The insets show the sequence of coupled spin manifolds and an amplified view of the magnetization 
at base temperature (2 K). 
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Si = 0 ground state, as shown by the almost vanishing molar magnetization at low 
temperatures. Increasing temperature (to the left) leads to Boltzmann population 
of the excited 5t = 1,2 states and increasing magnetization. The slope of that 
curves is a measure of the exchange splitting of the multiplets. The decline of Mmoi 
below fx^B/kT = 0.1 represents the usual \/T behavior at high temperatures due 
to equal population of the magnetic Mg-sublevels. The corresponding sequence of 
the underlying spin manifolds and their exchange splitting is shown as an inset 
in Figure 2 (zero-field splittings are omitted). In detail, however, the total spin 
states are energetically not so well isolated as anticipated in this graph. This is 
best observed for the St = 0 ground state in the multi-field variable-temperature 
measurement, because even at base temperature some residual magnetization is 
observed (vertical arrows). An amplified view of the 2-K magnetic data is plotted in 
the right inset of Figure 2 as function of the applied field. Apparently, the fields are 
able to induce a weak magnetic moment for the singlet, which is not expected for an 
isolated spin singlet state. Such field-induced multiplet-mixing can be enabled only 
by competing exchange and single-ion zero-field splitting (ZFS). There are a few 
cases for which alternatively antisymmetric exchange [6] has been identified as the 
origin of level mixing (the interaction responsible for canted antiferromagnetism in 
solids), but this does not occur for centrosymmetric molecules [7-9]. Simulations 
of the multiple-field magnetic data yield a sensitive and unique measure of both, 
the exchange coupling constant J = — 9.8 ± 0.5 cm“^ and of the ZFS parameter 
|D| = 1.9 ± 0.3 cm“\ and reproduce almost perfectly the experimental result. 
The rhombicity parameter can hardly be determined from the ‘macroscopic’ static 
susceptibility measurement of powder samples; the value E /D = 0.18 was taken 
from an X-band EPR investigation of 2 described below. 

We mention that the low value found for the exchange coupling constant is not 
unusal for an di-iron(III) complex without an oxo bridging ligand. A similar but 
even weaker AF coupling has been reported for the /x-oxalato bridged dinuclear 
species [Fe 2 '(/U.-ox)(ox) 4 ]^“ where a coupling constant J of —3.3 cm“' has been 
established [10]. On the other hand, an hydroxo- or a monodentate alkoxo bridge 
mediates exchange couplings of the order of —30 cm“^ [11, 12]. 

3.3. MAGNETIC MOSSBAUER SPECTRA OE [Ee™(bbpo)Cl4]^“ (2) 

The presence of spin mixing and induced magnetization of the St = 0 ground 
state in 2 could also be demonstrated by magnetically perturbed Mdssbauer spec- 
tra recorded at 1.8 K with 7 T field applied perpendicular to y. At a first glance 
the spectrum shown in Figure 3 (bottom) appears to be a diamagnetic pattern. 
A simulation for S = 0, however, reveals a small but significant deviation of the 
magnetic splitting from the diamagnetic limit (dotted lines). A weak internal field 
is present that is oriented opposite to the applied field. The magnetic spectrum can 
be reasonably well simulated with the appropriate spin Hamiltonian (Equation (1)) 
and with the D, E/D and J parameters from above (which also hold for 1 and 3 T 
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Figure 3. Applied-field Mdssbauer spectra of [Fe2^(bbpo)Cl4]^“(2) at 7 T and 1.8 K and 30 K. 
The solid line and dashed lines are spin Hamiltonian simulations using Equation (1) with 5i = 5/2, 
S 2 = 5/2, or 5 = 0 (bottom, dotted line) (see text). 



applied field spectra, not shown). The symmetry of the hyperfine pattern reveals 
large asymmetry of the electric field gradient (efs) tensor, 17 = 0.9 ± 0.1, in accord 
with the low molecular symmetry of the sites. We note that the hyperfine coupling 
constant, A/^n/tn = —21.85 T, cannot be accurately determined from small in- 
ternal field, its value was rather taken from the simulation of the oxidized analog 
given below which has a ground state 5t = 1/2 with large magnetic moment and it 
can be assumed that the oxidation affect mostly one of the iron sites. The relatively 
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high value of the hyperfine coupling constant, which is close to the —22 T expected 
for ionic iron sites, discloses relatively low overall covalency of the bonds. 

In principle, Mdssbauer spectra of the excited spin triplet and quintet mani- 
folds measured at elevated temperatures could directly show internal fields due to 
a first-order magnetic moment. Therefore, magnetic spectra of 2 were recorded 
also at 30, 60 and 120 K. Their shapes, however, show hardly any resolution be- 
cause enhanced spin relaxation blurs the individual hyperfine paffern coming from 
fhe elecfronic sublevels. An example is depicfed in Figure 3(fop) fogefher wifh 
preliminary ‘simulations’ in fasl and slow relaxation limif (dolled lines) for com- 
parison. The deviations demonslrale again lhal magnetic Mdssbauer speclroscopy 
of molecular syslems is a typical ground slale melhod lhal sensitively probes local 
elecfronic spin density (spin expeclalion values) and magnetic momenls mainly al 
liquid helium lemperalures, bul il is nol a sensitive tool for molecular spin slates 
and magnetic properties if AF super-exchange of Ihe iron sites leads to spin singlel 
ground slates, St = 0. Multi-field- and lemperalure dependenl magnetic suscep- 
tibility measuremenls represenl an alternative melhod lhal can probe exchange 
splittings of Ihe spin system of Ihe order kT al ambienl lemperalure. 

3.4. EPR OF [Fe2"(bbpo)Cl4]^“(2) 

In biological systems, bolh Mdssbauer and susceptibility sludies are often ham- 
pered by Ihe large amounl of sample material or Ihe concenlralion required. EPR 
speclroscopy is less demanding in Ihis respecl and was successfully applied in 
sludies of di-iron proteins like melhane monooxygenase [4, 13]. We supposed lhal 
Ihe homovalenl di-iron(III) complex 2 could be an interesting speclroscopic model 
to sludy integer-spin EPR properties. This is an unusal program al usual X-band 
frequencies because integer-spin systems are EPR active only in few cases since 
the zfs of transition metal ions can easily exceed the microwave quantum energy 
(0.3 cm“' at X-band, 9.5 GHz, for instance). In a spin-coupled system like 2 , 
the zfs parameters D{St) of the total spin states 5t = 1-5 are determined by the 
single-ion zfs parameter D, of the iron sites. In the limit of dominating isotropic 
exchange interaction (|7ol S> T),) the D(Si) value can be derived from the local 
one by using spin projection technique for 5, =512 which is an application of the 
Wigner-Eckart theorem [9, 14]. 



D(St) = 2 -d^-Di (2) 

with dt = —16/5, —10/21, —1/45, 1/7, 2/9 for St = 1, 2, 3, 4, respectively. Here, 
D, is the diagonal 3x3 matrix of the Fe(III) sites with components Dj^x = 
Ej — 1/3D,, Dyy = —Ei — 1/3D/, = 2/3A, E)(St) is the corresponding 

zfs matrix of the coupled states. To avoid the introduction of additional parameters 
the anisotropic spin coupling term is ignored in these equations, which might be 
reasonable because the dipolar interactions of the widely separated Fe(III) ions 
in 2 should be at least an order of magnitude smaller than the microwave quan- 
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turn [9]; and antisymmetric exchange [7-9] does not occur for centrosymmetric 
molecules. 

The relations (2) show that the septet state, St = 3, is distinguished among the 
spin manifolds, because it has almost vanishing contribution form single-ion zfs. 
Hence, EPR transitions can be expected to occur between the magnetic sublevels, 
whereas for St = 1, 2, 4 large ZFS (D/ ~ 2 cm“') should prevent EPR transitions 
or spread the resonances in the powder spectra in extremely wide field ranges. A re- 
alistic picture of the septet splittings and the X-band EPR transitions is shown in 
the right inset of Figure 4 for field orientations at the z- and the y-axes. The diagram 
is calculated by using the spin Hamiltonian (Equation (1)) with D, = 1.9 cm“\ 
E /Di = 0.18, which are the values obtained from the SQUID magnetic measure- 
ment. With J = —12 cm“' the spin septet is 114 cm“' {E /k ~ 208 K) above the 
ground state and EPR signals should be measurable above ~30-50 K (which is the 
case). The corresponding Boltzmann population of the St = 3 manifold is shown 
in the left inset in Figure 4. 

The experimental X-band EPR spectrum measured from solutions of 2 in di- 
chloromethane at 90 K is shown in Figure 4 (bold line). The absorption derivative 
trace is a typical integer-spin pattern with derivative lines spread in the field range 
0-700 mT. The wide distribution resembles the distribution of transitions indicated 
in the level diagrams (Figure 4, right insets). The maximum of the absorption in 
the powder (frozen solution) spectrum appears to be close to g = 2 as indicated by 
the quasi ‘zero-crossing’ at R ~ 340 mT, which is typical for zfs of moderate 
strength (D < hv). For comparison a simulated absorption pattern underlying 
the spectrum is shown as dashed trace above the derivative data. A preliminary 
simulation of the EPR spectrum of 2 is shown as dotted line in Figure 4. We use 
an effective Hamiltonian for 5 = 3 (Equation (1) with S 2 = 0 and the term 
—2JS\S2 being omitted) to describe exclusively septet transitions. Possible con- 
tributions from other multiplets as well as the level mixing described above are 
completely neglected. In view of this crude approximation the simulation result 
fits reasonably well which supports the interpretation of zfs given above. The 
obtained zfs parameters are D{S = 3) = —0.052 ± 0.008 cm“', E/D(S = 
3) = 0.18 ± 0.05, which yields A = 1.2 ± 0.4 cm~\ E/Di = 0.18 ± 0.04 
when it is converted to local values for the iron sites by using the above rela- 
tion (2). The numbers are in the range of the magnetization result, the deviation 
indicate either influence from the neglected dipolar contribution or from rotations 
of the local g-tensors which also were ignored. We note that the determination 
of the rhombicity parameter is fairly sensitive, although the fit of the low-field 
lines and outer wings at high field certainly could be improved by introducing 
higher order terms (S^^) in the spin Hamiltonian, as was done for other integer-spin 
systems [2]. For simplicity we did not introduce this ad-hoc term here. A future 
study of the multiple frequencies will explore the details of the EPR properties 
of 2 . 
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Figure 4. X-band EPR spectrum of [Fe2^(bbpo)Cl4]^“(2) in frozen CH2Cl2(0.10 M [N(n- 
Bu) 4 ]Pp 6 ) solution (bold line, bottom); and preliminary spin Hamiltonian simulations for the 5t = 3 
spin manifold in absorption derivative mode (bottom, dashed line) and absorption mode (top). Exper- 
imental conditions: microwave frequency 9.6353 GHz, power 20 mW, modulation 1 mT/100 kHz, 
temperature 90 K. The right inset shows the Zeeman and zf splittings of the St = 3 manifold for 
fields applied in z- and y-directions and the corresponding EPR transitions at 9.635 GHz. The left 
inset shows the Boltzmann population of the St = 3 manifold. 
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3.5. EPR OF THE OXIDIZED MONOANION [Fe” ’(bbpo“')Cl4]“(2°*) 

The oxidized monoanion 2 “* could not be investigated by magnetic susceptibil- 
ity measurements because the complex could not be properly separated from the 
excess of [N(n-Bu) 4 ]PF 6 salt used for the electrochemical generation and without 
exact knowledge of sample mass and concentration the magnetic measurements 
cannot be accurately evaluated. The magnetic properties of 2 °* were derived from 
complementary EPR and Mbssbauer data. The X-band EPR spectrum of 2“* was 
recorded at 10 K from the solution used in the electrochemical cell. It shows a 
rhombic powder pattern with g values gj^ = 1.998, gy = 1.944, and g^ = 1.825, 
which clearly establishes that [Pe 2 ^(bbpo“')Cl 4 ]“ possess an St = 1/2 ground 
state. 

The g values of oxidized 2“* deviate significantly from g = 2.0, in view of 
the state of high-spin Pe(III) and a ligand radical which also do not contribute 
significant spin-orbit coupling. This does not indicate formation of Ee(IV); the 
large g-shifts rather owe their origin to level mixing of the ground state doublet 
with excited quartet due to competing exchange and ZES, similarly to what was 
found for 2 . We have used the spin coupling scheme depicted in Scheme 1 for 
a quantitative interpretation of the g values. In this picture the St = 1/2 ground 
state is attained by a strong coupling between one high spin ferric ion and the 
ligand tt radical yielding a fictitious ‘local’ spin S 2 = 2 and, in addition, a weak 
AE coupling of this state with the second high spin ferric ion. Based on results 
from similar systems [15] it is safe to assume that the coupling constant, J', be- 
tween the radical and the adjacent ferric ion is an order of magnitude stronger 
than the long-range iron-iron coupling, J, which should be similar to what is 
found for the non-oxidized starting complex 2 . The coupling J” between the sec- 
ond ferric ion and the ligand radical is assumed to be negligible small or zero. 
Situations similar to this simplified model are encountered in fhe bioinorganic 
liferafure of high-spin Ee(III)/Ee(II) dimers (Si = 5/2, S 2 = 2) which are found 
in fhe OH-bridged diiron cores of purple-acid phosphafases, mefhane monooxy- 
genase, and related model compounds [4, 13, 16], or also fhe dimeric iron-sulfur 
proteins [17]. These dimers are more or less sfrongly coupled and spin-orbif in- 
feracfion af fhe ferrous ions gives rise fo subsfanfial zfs. The clusfer ground sfafe 
properfies are modulated by level mixing and can yield g values fhaf span fhe range 
g = 1.5-2. The sifuafion for 2*** is slighfly differenl in fhaf fhe ‘local’ zfs of bofh 
‘local’ spins should be fairly similar and g values hardly deviafe from g = 2. 
Neverfheless, we achieved a quanfifafive inferprefafion for fhe properfies of 2"* 
from a corresponding spin-Hamilfonian which is based on fhe simplified coupling 
scheme ouflined above by using Equafion (1) wifh Si = 5/2 for an Ee(III) ion 
and fhe ficlilious spin S 2 = 2 for fhe ofher (oxidized sife) of fhe molecule. The 
approach allows us fo probe fhe effecl of ligand oxidafion on fhe elecfronic proper- 
lies of fhe respective Ee(III) site even if Iheir spin coupling ilself is unmeasurably 
slrong. 



194 



E. BILL ET AL. 



A second order perturbation treatment of the spin coupling Hamiltonian (Equa- 
tion (1)) yields the following g matrix for the 5t = 1/2 ground state of the 5i = 
5/2/52 = 2 pair [14, 16, 17] 

7 4 -28/45(gi -g2)(8£»i+3D2) 

- ^52 H j (3) 

(dipolar coupling and antisymmetric exchange again ignored). The relation visu- 
alizes the different influences of gf The first terms are the usual strong coupling 
limits; and the correction is typically small because of the factor (gi — g 2 ). Particu- 
larly in this case of ferric ions on both sites, gi and g 2 should not differ much from 
5 = 2. 

It is a priori not clear which of the parameters of S 2 is mostly affected by the 
ligand oxidation. There is a ‘physical’ influence coming just from the strong ‘local’ 
spin coupling and a possible ‘chemical’ influence on the electronic structure of 
the iron(III). We used the full coupling Hamiltonian to derive theoretical g values 
and probe the situation. The value for Di was taken from the ‘unperturbed’ zfs 
parameters of the homovalent dimer described above and that for D 2 was converted 
from the same starting value by using spin projection in the strong coupling limit 
for the iron(III)-radical pair, which yields D 2 = 4/3 Dpe- The (isotropic) g value 
for 5i was fixed to gi = 2 and, arbitrarily chosen, g 2 was treated as a fit parameter, 
as well as the coupling constant 7. Possible Euler rotations of the D and g matrices 
were not considered. With this simple approach we obtained a perfect fit of the 
experimental g values with optimized variables g 2 = (2.028, 1.99, 1.988) and 
/ = — 12 cm“^ The values are convincingly close to what would be obtained 
for chemically unperturbed iron sites: when J = —9.8 cm“' of non-oxidized 2 
is converted for the oxidized system with S 2 = 2 (strong ‘local’ coupling), one 
obtains J = (1/6)J (S\ = 5/2, S 2 = 5/2) = —11.5 cm“', and shifts of 0.02 of 
from g = 2 are usual for the electronic g value of iron(III). Hence, the unusual 
spectroscopic EPR g values of dimeric I"* are fully consistent with the concept 
of ligand oxidation and the simplified coupling scheme with virtually infinitively 
strong Ee(III)-radical coupling for one site of 2“* with only little mutual influence 
on the electronic stmctures. 

3.6. MAGNETIC MOSSBAUER SPECTRA OF OXIDIZED [Fe™(bbpo°’‘l )Cl 4 ]“ (2'”‘) 

Magnetic Mdssbauer measurements of the monoanion 2“* display very broad spec- 
tra with absorptions spread over a large velocity range of ~10 mms“' contrasting 
the analogous spectra of 2 which cover a range of only ~3 mm s~T Eor the sim- 
ulations we have used the spin coupling scheme outlined above and the same 
electronic Hamiltonian (Equation (1)) was applied as for the EPR interpretation for 
simulations of the spectra. The ZES parameters were readily taken from the EPR 
result; isomer shift, quadrupole splitting, asymmetry parameter and (isotropic) A 
constant of the ferric site could be taken identical with those of the di-ferric starting 
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Table I. Mossbauer and spin Hamiltonian parameters for 2 and 2*** at 4.2 and 1.8 K 





[Fe™(bbpo)Cl4]2- (2) 


[Fe™(bbpo‘”‘l)Cl 4 l'“ 


(2“*) 






Fei 




Fb2 




5/2 


5/2 




2 


St" 


0 




1/2 




S [mms”']" 


0.45 


0.45 




0.49 


AEq [mm 


0.98 


0.98 




-1.15 




0.9 


0.9 




0.8 


a, p, y [degjf 


0; 0;0 


10; 6; 0 




11; 65; 0 


r [mms“']8 


0.28 


0.28 




0.28 


Aexp/gN 


-21.85 


-21.85 




-21.05 


^local/ 8N 


-21.85 


-21.85 




-18.04™ 


D [cm“']' 


1.9 


1.9 




2.5 


E/Dl 


0.18 


0.18 




0.18 




2 


2 




(2.028, 1.99, 1.988) 


J [cm“']' 


-9.8 




-12 





“local spin at a single Fe-site; '’ground state; ‘’isomer shift vs. tr-Fe at 298 K; ‘'quadrupole split- 
ting; ^asymmetry parameter of the efg; '^Euler angles, rotate efg in p.a.s of D matrix; ^line width 
(hwfm); ''isotropic Mossbauer hyperfine coupling constants; '' local hyperfine coupling constants for 
Spe = 5/2; 'zero-field splitting parameter for 5, ; irhombicity parameter; '^electronic g value for S,-; 
'/ Heisenberg coupling constant; ™Aiocal = (6/7)Aexp. 



complex 2. Only those of the oxidized site with spin Sj = 2 were independently 
optimized and their results are summarized in Table I. 

The values of quadrupole splitting and isomer shift of the ferric site with S 2 = 2 
(next to the ligand radical) are found to be slightly increased with respect to those 
of the starting compound or the other ferric site of oxidized 2, whereas the local 
hyperfine coupling constant, A]oca\/gNf^N = — 18 T, (with respect to local iron 
spin) is significantly decreased (—21.8 T before oxidation). While the variations of 
the quadrupole splitting and isomer shift reflect an attenuated tt - donor capability 
of the oxidized ligand, which is perfectly in accord with ‘chemical intuition’ , the 
reduction of the local hyperfine coupling of fhe ^^Fe nucleus af fhe ‘oxidized’ 
iron site seems af firsl view fo indicate fhe opposife frend. However, if does nol 
originafe from variations of overall covalency buf from covalenf delocalization of 
radical p spin densify info fhe a spin carrying mefal d-orbifals. The same effecl 
is observed in complexes wifh diamagnetic cenfral ions for which relafive sfrong 
super-hyperfine coupling of fhe (‘pure’) radical spin wifh fhe mefal nuclei is ob- 
served in fhe EPR specfra. Thai can only be explained by delocalization of radical 
spin density onto fhe cenfral mefal ion [1, 15]. The delocalization mechanism is 
completely analogous to fhe origin of fhe “transferred" or “super-transferred hy- 
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perfine fields” described in solid-state applications of Mdssbauer spectroscopy and 
magnetic materials [ 18 ]. 




Figure 5. Applied-field Mdssbauer spectra of the oxidized complex [Fe 2 ^^(bbpo°’‘')Cl 4 ]“ (2'**) at 
3, 5, 7 T and 1.8 K. The lines are spin Hamiltonian simulations for the two different iron sites Fe(l), 
Si — 5/2 (dotted line) and Fe(2), Sj = 2 (dashed line) and their superposition (solid line). The 
experimental data are corrected for residual contamination of non-oxidized material by subtracting 
10% of spectra of 2, as shown in Figure 3 for instance. 
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4. Conclusions 

The study presents a detailed description of the electronic and magnetic properties 
of di-iron complex [Fe 2 ’(bbpo)Cl 4 ]^“ (2) with the ligand l,2-bis(3,5-di-tert-butyl- 
2-hydroxyphenyl)oxamide and its electrochemically generated one-electron oxida- 
tion product [Fe™(bbpo°’‘^)Cl 4 ]“ (2°*). The spectroscopic data show that the ligand 
is oxidized forming the trianon (bbpo™^)^" which is a tt radical (S = 1/2) of the 
o-iminobenzosemiquinonate type. Formation of high-valent iron(IV) species was 
not observed. In this sense the ligand is non-innocent and controls the high-protenial 
redox properties of the complex. 

The di-iron(III) complex [Fe 2 ’(bbpo)Cl 4 ]^“ (2) represents an integer spin sys- 
tem that is characterized by AF exchange interaction and weaker but competing 
zero-field splitting of the iron sites. Mdssbauer, magnetization and EPR studies 
were used to derive a consistent description of the magnetic and electronic proper- 
ties. 

The three-spin system of [Fe 2 ’(bbpo“')Cl 4 ]“ (2‘”‘) can be described by strongly 
AF exchange coupling of the ligand radical and the adjacent high spin ferric ion 
yielding a fictitious S* = 2 state which in turn couples weakly to the second 
high spin ferric ion yielding the observed 5t = 1/2 ground state. The spin struc- 
ture provides interesting magnetic properties of long-range coupled systems with 
competing interactions. 
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Myoglobin and Related Biomolecular Systems 
Studied with Mossbauer Spectroscopy and Nuclear 
Forward Scattering 
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Abstract. Lineshape analysis of conventional Mossbauer spectra of oxymyoglobin indicated the 
presence of a dynamic disorder of the Fe02 moiety. Complementary studies in the time domain by 
means of nuclear forward scattering (NFS) of synchrotron radiation have confirmed this observation 
and allowed a more detailed description of the underlying mechanism. Also in the time domain 
the so-called spectral dimension of deoxymyoglobin has been determined and is compared with the 
result known from studies in the frequency domain. 

Key words: nuclear resonant forward scattering, oxy- and deoxymyoglobin, dynamic disorder, spec- 
tral dimension. 



1. Introduction 

The history of Mossbauer studies of hemo- and myoglobin is nearly as old as the 
history of Mossbauer spectroscopy itself. The reason is obvious: both proteins are 
easily available, they contain iron and are respiratory proteins and thus impor- 
tant biomolecules which are vital for all vertebrates. Hemoglobin, however, is a 
tetramer which poses sometimes problems to the spectroscopist because the four 
irons need not be necessarily in the same state. Therefore interest concentrated 
more on myoglobin (Figure 1) which has almost the same structure as one of the 
subunits of hemoglobin. 



2. Dynamic disorder of the Fe02 moiety in oxymyoglobin 

The task of myo- and hemoglobin is either to transport or to store oxygen. To fulfil 
this function requires the ability to reversibly bind molecular oxygen. Pauling has 
proven by susceptibility measurements that in the deoxy form the iron is in its 
ferrous high-spin state. This is obviously the essential point for the reversibility of 
the oxygen binding. The first question is, therefore, how the iron is prevented from 
being oxydized irreversibly to iron(III). The main cause of irreversible oxidation 
of inorganic iron containing molecules are collisions with other molecules which 
finally give rise fo fhe formation of a ferric iron dimer coupled by an oxygen bridge. 
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Figure 1. Sketch of the structure of oxymyoglobin. The disk models the heme prosthetic group (i.e. 
the porphyrin with Fe in its center). 
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Figure 2. Structure of the so-called picket-fence porphyrin. Located in the center is Fe which has 
oxygen and imidazole as axial ligands. 



In the globins the heme pocket protects the iron. Collman and coworkers [1] have 
shown that in the so-called picket-fence porphyrin (Figure 2) the pickets simulate 
perfectly the protective power of the heme pocket and thus form a functional model 
for myo- and hemoglobin. In the oxygenated form the iron sites of both, the native 
proteins and the model, are proven to be diamagnetic, i.e. their total spin is zero. 
Three different models for the FeOi moiety have been suggested: the bent end-on 
model of Pauling, the equidistance model of Griffith and the superoxide model of 
Weiss (Figure 3). The Griffith model had been discarded soon due to the results 
of X-ray diffraction studies. The distinguishing feature of the two other models 
is that the iron is either Fe(II) or alternatively Fe(III). As it seems more probable 
that the iron would remain in the ligated state still iron(II) but now in the low-spin 
state the Pauling model has been mostly favored. Mossbauer spectroscopy had been 
expected to resolve the problem but the spectra opened more questions than they 
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Figure 3. Various models of the Fe02 bond. 
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Figure 4. The temperature dependence of the quadrupole splitting in deoxy- and in oxymyoglobin. 



answered and the precise nature of the Fe 02 bond remained a matter of controversy 
for a long time. 

What has to be explained by any model is first of all the rather large quadrupole 
splitting [2]. Since in the low-spin ferrous state all three t 2 g orbitals would be 
doubly occupied the electron shell should be almost spherical and the components 
of the electric field gradienf (efg) fensor small. Furfheron, if has been observed 
fhaf oxymyoglobin exhibifs a sfrong femperafure dependence of fhe quadrupole 
splitting like deoxymyoglobin (Figure 4). For fhe latter an explanation can be given 
in terms of a Bolfzmann population of excifed orbifal slates. In oxymyoglobin, 
however, fhe eleclron shell oughl lo be very slable so lhal excited slates are far away 
in energy. Exlensive MO calculations by Herman and Loew [3] showed for fhe benl 
end-on model lhal an asymmelric delocalization of a 3d eleclron due lo covalency 
is presenl so lhal a formal Fe^^^-0^ description seemed appropriate and Ihe large 
quadrupole splitting and even Ihe lemperalure dependence could be explained Ihis 
way. However, for molecular orbilals only Ihe lolal spin is a good quanlum number 
and Ihis was found lo be zero. If Ihis spin is artificially separated in a spin 1/2 al Ihe 
iron coupled anliferromagnelically lo anolher spin 1 /2 al Ihe ligand Ihe resulting 
slate lies according lo Herman and Loew more lhan 13,000 cm“' above Ihe ground 
slate. So il is a matter of lasle whelher one prefers lo speak of a Fe^*-02 or a 
Fe*^*-0/ moiely in Ihe oxygenated globins. 

Whal has lo be explained in addition is lhal Ihe Iwo lines broaden asymmel- 
rically al intermediate lemperalures. For Ihe pickel-fence porphyrin, where Ihis 
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behavior is also very pronounced, a satisfactory explanation was given by Spartal- 
ian et al. [4] by invoking a dynamic process of the kind that the terminal oxygen 
jumps between four different positions, two and two of which are equivalent with 
respect to the efg tensor they produce. The spectra could be fitted very well by 
this model. A corresponding explanation for myoglobin seemed to be impossible 
because the X-ray structure of oxymyoglobin indicated that a rotation of the oxy- 
gen molecule in the heme pocket is sterically hindered. However, after refining 
the structure Phillips [5] suggested that a structural disorder of the oxygen might 
be possible with a secondary position of the terminal oxygen rotated by about 
40°. Nevertheless, no rigorous mathematical treatment of the protein data has been 
performed since then. 

After the advent of nuclear resonant forward scattering (NFS) as an additional 
tool for the study of hyperfine interactions we decided to investigate the prob- 
lem again, because we knew that NFS is much less sensitive to external distur- 
bances like mechanical vibrations which can broaden Mbssbauer resonance lines. 
Our NFS data show apart from an accelerated decay of the delayed counts no 
spectacular variations with temperature (Figure 5). If the spectra are fitted with 
quadrupole splitting and effective thickness as free parameters using the progam 
package SYNFOS [6], we get also a decrease of the splitting but an increase of 
the effective thickness, which is physically unreasonable and obviously due to the 
faster decay with time. Of course, there exists a correspondence between frequency 
domain and time domain of the kind that line broadening means faster decay. In the 
present case, however, the faster decay is obviously caused by the dephasing which 
results from a dynamic disorder. Since it was known from single crystal studies [7] 
that the largest component of the efg tensor lies within the heme plane, we 
have constructed a model which consists of two electric field gradients with both 
efg components and ^ lying in this plane but separated by an unknown 
angle of rotation p around the heme normal. The dynamics is introduced by a jump 
frequency and the Boltzmann population of the secondary position determined by 
the energy difference A£. The results received by an appropriately adapted version 
of SYNFOS [8] are yd = 40° and = 111 cm'^ (Figure 6). 

The temperature dependence of the transition rate wn from the ground state 1 
to the excited state 2 (Figure 7) can be fitted by the expression 

vJuiT) = wj + wo- 

with wj = 10^ s“\ Wo = 10® s“' and = (260 ±35) cm“', which indicates that 
thermal activation plus a low-temperature tunneling process are responsible for the 
dynamics of the Fe02 moiety [9]. 



3. Spin-lattice relaxation in deoxymyoglobin 

Another kind of dynamics can be observed in deoxymyoglobin, namely spin- 
lattice relaxation. For this purpose an external magnetic field has to be applied 
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time [ns] 

Figure 5. NFS of oxymyoglobin at various temperatures. The solid lines are the results of fits as- 
suming dynamic disorder of the terminal oxygen as described in the text. The richer structure visible 
at 3.5 K is due to an impurity of ferric high-spin metmyoglobin which has been taken into account 
in the Ht. 



in order to produce finite spin expectation values in the various magnetic sub- 
states. Spin-lattice relaxation induces jumps between the magnetic substates of 
the ferrous high-spin state. Stapleton and coworkers [10] have observed by means 
of EPR measurements on several iron proteins in the ferric state that in many cases 
the relaxation rates do not follow a law as theoretically predicted for the Raman 
process in Kramers systems but with an appreciably lower power than 9. At the 
time when fractals became popular they have attributed this behavior to a purported 
fractional dimensionality of the proteins. This value can be also approximately ob- 
tained by counting the a-carbons of a protein backbone within a certain radius and 
determining the slope of the straight line which results from a double-logarithmic 
plot. For many proteins a number of about 1.6 is found [11]. 
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Figure 6. Goodness-of-the-fit and energy distance A£" of the secondary position of the terminal 
oxygen as a function of the rotation angle fi. 



T[K] 



200 too 50 




Figure 7. Transition rate of the terminal oxygen between the two conformations in oxymyoglobin as 
a function of temperature. The solid line is the result of the fit with Equation (1). 
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Conventional Mossbauer spectroscopy of deoxymyoglobin at variant tempera- 
tures in external fields of 2 and 6 T yielded also a value of 1.6 [12], if the probability 
for a jump from a lower state i up to state j which is by A,j higher in energy is 
assumed to vary with temperature according to 



Wij = Wo 




e\p(A,j/kr) - r 



( 2 ) 



where wq is a scaling factor. The inverse process is determined by the principle 
of detailed balance. The temperature-dependent term in (2) corresponds to the 
energy density of phonon states with /zcu = A, j, which is given by the three factors 
l/lexp(Aij/kT) — 1} for the phonon occupation number, A^®~\ with d$ = 3 for 
the density of states in a Debye solid, plus an additional factor A,,-. If one takes 
the exponent ds as free fit parameter one gets as result the fractional dimension 
characteristic for a particular protein. 

The concept of Stapleton has, however, evoked much criticism because it turned 
out that the fractional dimension is not well defined buf depends among ofhers on 
fhe solvenf. Solid-sfafe fheoreficians as, e.g., Kmmmhansl [13] poinfed ouf fhaf fhe 
unusual phonon specfra can be explained more simply by fhe assumption of an 
anisofropic medium as phonon carrier or by non-cenfral molecular forces. So fhe 
fraclal concepf of profeins is nowadays regarded as an overinferprefafion. 

Spin-laffice relaxation can be observed nol only in fhe frequency domain by 
convenfional Mossbauer specfroscopy buf even better in fhe time domain by NFS. 
Fitting our dafa by means of fhe appropriate SYNFOS roufine (Figure 8) we gol 
the much higher value of 2.26 for d$ as compared to the above-mentioned value 
of 1.6. The reason for the discrepancy might be explained by the different kind 
of sample material: microcrystals in the conventional measurements and frozen 
solution in the NFS study. In a frozen solution the anisotropy of the phonon carrier 
may be less pronounced. It follows that the spectral fractional dimension is not a 
well-defined properfy of profeins buf only a phenomenological paramefer. Never- 
fheless, if is of greaf value fo know fhaf one can vary fhis paramefer when tiffing 
relaxation specfra, because one finds often relaxafion phenomena in sysfems like 
biological macromolecules when investigated in applied fields. In order fo arrive 
af a consisfenf picfure if is mandatory to inferprel fhese specfra fheorefically by 
including dynamics of some kind. 



4. Summary 

In summary, one may say fhaf if is often worthwhile fo repeal former Mossbauer 
sludies by means of NFS. Allhough if is generally correcl fhaf in principle fhe infor- 
malion oblainable by NFS is fhe same as by convenfional Mossbauer specfroscopy, 
fhe resulls from NFS can neverlheless provide new insighls because many sources 
of dislorsions are absenl in NFS. The lime specfra 
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Figure 8. NFS of deoxymyoglobin in an applied field of 2 T (left column) and 6 T (right column) at 
various temperatures. 



• are almost free of background noise, 

• insensitive to mechanical vibrations, and 

• have a precise and stable time scale. 

Making use of these advantages the investigations of oxymyoglobin by means 
of NFS have put the hypothesis of dynamic disorder on firmer grounds. In de- 
oxymyoglobin the presence of spin-lattice relaxation and its interpretation in terms 
of a spectroscopic dimension <3 has been confirmed. 
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Mossbauer Spectroscopy in the Energy and in the 
Time Domain, a Crucial Tool for the Investigation 
of Protein Dynamics 
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Abstract. New experiments on MbCO crystals and MbCO in a glycerol/water solution are described. 
Phonon-assisted Mossbauer effect reveals solid state like harmonic vibrations and is used to deter- 
mine the phonon density of states spectrum at the iron center of myoglobin. Above 200 K, a new 
type of fluctuations arises which is essential for protein function. The experiments can be explained 
by a two state model. In the “rigid” state, harmonic vibrations are present in the full temperature 
regime. Above 200 K a “flexible” state can be reached. The quasi-diffusive motions in this state 
can be described by an overdamped Brownian oscillator with only one frequency. The Boltzmann 
probability to reach the flexible state is used. The influence of the solvent surrounding the protein is 
investigated. The dynamical transition temperature of the protein is compared with a glass transition. 

Key words: myoglobin, density of phonon states. Brownian oscillator, conformational transition. 



1. Introduction 

Proteins are the bricks of life. Their structure with different degrees of flexibility 
as well as their structural changes are decisive for the biological function. One of 
the best studied proteins is the myoglobin. It is a globular molecule with a diameter 
of about 30 A and a molecular mass of 17,800 Dalton. It is built up by a sequence 
of 153 amino acids arranged mainly in 8 a-helices. The active center is formed 
by the iron ion of a heme group. The well-known function is the storage of an 
O 2 molecule [1]. Recently it was found that myoglobin also plays an important 
role in the regulation of the NO content of the cells [2, 3]. Even this relatively 
simple protein adopts two different conformations (which means slightly different 
structures), the so-called “relaxed” r-conformation where the heme iron is ligated, 
for instance by an O 2 or a CO molecule, or the “tensed” t-conformation, where the 
6th coordination of the iron is empty. X-ray structure analysis is the most important 
method to determine the 3-dimensional architecture of protein molecules. Myo- 
globin was the first protein were the structure has been solved [4, 5]. Nevertheless, 
its structure is still under investigation [6-9]. Myoglobin became a paradigm in 
the study of protein dynamics [10]. Erom the functional properties there are two 
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most important questions: how can a ligand like O 2 enter the heme pocket and bind 
to the iron although there is no channel from the surface into the pocket which is 
large enough. The answer comes from the investigation of structural distributions 
and structural fluctuations in proteins. Another problem is the understanding of the 
physical mechanism of the conformational changes between r and t by structural 
relaxation. 

The X-ray structure analysis of the L29W mutant of myoglobin gave deep 
insight into several aspects of protein dynamics [11]. In this point mutant the 
residue lysine (L) at position 29 in the sequence of amino acids (counted from the 
N-terminus) is replaced by a tryptophan (W) (see Figure 1). This bulky residue 
reduces the velocity of ligand binding by two orders of magnitude. Therefore, 
intermediate structures between ligated and unligated can be stabilized at low tem- 
peratures. For the discussion we compare three different X-ray structures on the 
CO ligated mutant performed at 105 K. The structure measured in the dark shows 
the ligand CO bound to the iron. If the crystal is illuminated by a laser during 
the structure determination, the molecule structure remains identical, a structural 
relaxation from the ligated to the unligated conformation does not take place on 
the time scale of several days. However, the bond to the CO ligand is broken and 
the CO is found in the heme pocket on the distal side near Trp29. The situation 




Figure 1. The structure of the active site of L29W MbCO at 105 K. For details see [1 1]. Thick lines: 
MbCO dark structure. The iron is situated within the heme plane and the CO binds at a distance of 
1.8 A to the iron. By photodissociation at temperatures below 180 K the structure remains the same 
but the CO molecule is now found below the Trp29 (CO**). After extended illumination above 180 K 
and cooling to 105 K during the illumination the CO molecule is found in the xenon hole (CO^*). 
Moreover, the structure has strongly changed (thin lines, note the movements of His64 and Trp29). 
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changes completely if the laser illumination is performed at a temperature slightly 
above 180 K and the crystal is cooled during illumination to 105 K. Again the CO 
bond is broken. But now the CO molecule is found behind the heme group at the 
so-called proximal side. Moreover, on the distal side the structure has significantly 
changed. Above 180 K a conformational relaxation takes place. One can distin- 
guish two temperature regimes separated by a characteristic temperature, T^, called 
the dynamical transition temperature. Below T^, in the “low temperature regime” 
the molecules are frozen in a conformation: only above the dynamical transition 
temperature can they adopt their structure to the ligation state if it is changed. 
Since this is a necessary condition for the protein function the temperature regime 
above is called the “physiological regime”. In the following it will be shown 
that the Mdssbauer spectroscopy can contribute significantly to the understanding 
of the physics of protein dynamics in both regimes. 

2. Early investigation of protein dynamics by Mossbauer spectroscopy 

An anomalous temperature dependence of the mean square displacement, {x^), of 
the heme iron in myoglobin was first described by [12]. The Lamb-Mossbauer 
factor of metmyoglobin crystals was determined between 4.2 K and room tem- 
perature. Above 200 K, the (x^) values increase dramatically with temperature. 
This behavior was later approved and investigated in detail on different biomole- 
cules [13-22]. It is obvious to correlate the mean square displacements below 
200 K with the low temperature regime and those above with the physiological 
temperature regime. This implicates that the strong increase of the {x^) values 
above may be necessary for protein function. Above T^, the Mdssbauer ab- 
sorption changes the spectral shape. In addition to the narrow Lorentzians, broad 
lines become visible [18, 19, 21, 23-25]. It is an exciting issue to investigate these 
phenomena in more detail and to correlate it with the biological function. 



3. Investigations in the time domain; Mossbauer effect with synchrotron 
radiation 

The feasibility of Mdssbauer experiments with synchrotron radiation was shown by 
Gerdau and co-workers [26]. Nuclear forward scattering by a Mdssbauer nucleus 
is the most direct way of Mdssbauer investigations with synchrotron radiation. The 
principles of this method are explained in a number of publications [27-29]. An 
application to myoglobin is described in [30]. In principle, nuclear forward scat- 
tering has clear advantages for the studying of protein dynamics. As mentioned 
before, at physiological temperatures proteins show broad lines in addition to the 
narrow Mdssbauer absorption lines. In absorption experiments, the broad lines 
reveal themselves at high Doppler velocities where their contribution to the ab- 
sorption is only small. It is difficult to analyze them with sufficient statistics. In the 
time domain, they reveal themselves at early times, where the counting rate is high. 
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Figure 2. Result of phonon-assisted Mossbauer effect measured on a sample containing a huge 
number of MbCO crystals, (a) T = 40 K; (b) T = 235 K. Solid line: energy dependence of 
the phonon-assisted Mossbauer absorption measured as the intensity of delayed radiation. Stokes 
processes appear at positive energies (energy is deposited in the thermal bath), anti-Stokes processes 
at negative energies (energy is taken from the thermal bath). At 40 K anti-Stoke processes are prac- 
tically absent. Dashed line: energy resolution of the experimental equipment (for details see [33]). 
(c) Density of phonon states. The dotted line indicates a temperature independent vibration. 



Therefore, nuclear resonant forward scattering is in principle well suited to study 
those lines. Unfortunately, at present the dead time of the counting electronics is 
still rather long (about 10 ns). Up to now, no experiment was performed on proteins 
in the most interesting very short time regime. 

Decisive information on the dynamics of proteins came from “phonon-assisted 
Mossbauer effect”. Synchrotron radiation with an energy width of about 1 meV is 
scattered by molecules, containing the Mossbauer isotope ^^Fe. If the energy of the 
synchrotron radiation does not match the Mossbauer transition, delayed nuclear 
resonance scattering can nevertheless occur. The energy balance is ensured by the 
absorption or emission of phonons with the energy s. Varying the energy differ- 
ence e between the Mossbauer excitation energy and the synchrotron radiation, the 
density spectrum of phonon states coupling to the iron is obtained [31-33]. 

Figure 2 shows experiments on small myoglobin crystals, ligated with CO. They 
were randomly oriented in the synchrotron beam. The measurements at 40 K (a) 
and 235 K (b) reveal Stokes and anti-Stokes processes. The creation of phonons can 
happen at all temperatures, whereas the anti-Stokes annihilation process is nearly 
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Figure 3. Mean square displacements of the iron in MbCO at 300 K as function of the energy of the 
contributing phonons. The modes with the energy between ej = 0 meV and the value e 2 — e are 
taken into account according to Equation (1). The dashed line marks the (x^) value with contributions 
of the modes between 0 and 10 meV, the dotted line the (x^) value, where all modes up to 50 meV 
contribute. Note that phonons with a higher energy practically do not contribute to the mean square 
displacement of the iron atom. 



impossible at 40 K. The position of vibrational lines is temperature independent 
(compare line at £ = 40 meV ) indicating a harmonic behavior. This fact was more 
clearly seen in Mbdeoxy and Mbmet since more temperatures have been measured 
in these samples [33]. The phonon density of states spectmm obtained from the 
experiments is shown in Figure 2c. Details of the evaluation can be found in [33]. 
From the phonon density of states spectrum, D[g], one can extract parameters like 
the mean square displacement, (x^), of the iron atom: 

, , ^ D[s] ( 1 i\ _ 

{x^[SuS2])= / — ^( - + -)d£. (1) 

w^Fe Jei £ Vexp[£/kBT] - 1 2/ 

Here h is the Planck constant, the Boltzmann constant, mpe the mass of the iron 
and T the temperature. Equation (1) allows the determination of the contributions 
of the phonons in an energy interval from S\ to £2 to the mean square displacement. 
The result for £j = 0 and variable £2 = £ is presented in Figure 3. There is a 
strong increase of the mean square displacement adding up the contributions of 
low energy phonons up to 10 meV (vertical dashed line in Figure 3). The phonons 
from 10 to about 50 meV increase the {x^) value only slightly (vertical dotted line), 
the phonons of higher energies give practically no additional contribution. As an 
example we give the (x^[0 to 80 meV]) value at 40 K which is 0.0029 ± 0.0005 
and at 235 K which is 0.0169 ± 0.0026 A^. Note, that the phonon density of states 
spectrum shown in Figure 2 together with Equation (1) yield a linear increase of 
the {x^) values up to room temperature. These values will be compared later with 
those obtained from the Lamb-Mbssbauer factor. The energy of phonon modes at 
the border of the first Brillouin zone of myoglobin crystals can be estimated within 
the Debye model. With a sound velocity of 2000 m/s [34] this energy is 1 meV. This 
is in good agreement with a normal mode analysis where the intramolecular modes 
also start at about 1 meV [33]. Together with an increase of the density with it 
is clear that the corresponding phonons are acoustic phonons in the Debye limit 
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where the wavelength is so long that the protein can be regarded as a continuous 
medium. This is endorsed by a normal mode analysis [35], which shows that the 
lowest normal modes of myoglobin have an energy of about 0.8 meV. These are 
the optical phonon energies in the center of the Brillouin zone {K = 0). Astonish- 
ingly, the experimentally determined phonon density of states keeps up a quadratic 
energy dependence between 1 and 3 meV. A similar average behaviour is seen in 
the density of states of normal modes from 0.8 meV till 3 meV. The large number 
of optical phonons dominate over the 3 acoustic modes and obscure any van Hove 
singularity. In a naive physical picture one may assume that the wavelength of 
phonons below an energy of 3 meV is too long (it is longer than 27.5 A) to be 
sensitive to the details of the molecule structure. Those phonons sense the protein 
sample as a continuum like the long wavelength acoustic phonons in the Debye 
model of solid state. 

Mean square displacements calculated from the phonon densities explain ex- 
cellently the low temperature regime (see Figure 5). The slope is temperature 
independent up to room temperature (compare [33]) and is in reasonable good 
agreement with mean square displacements calculated from a normal mode analy- 
sis and also with those obtained from conventional Mossbauer spectroscopy. How- 
ever, the strong increase of (x^) above measured by Mossbauer absorption 
spectroscopy is not explained by the phonon-assisted Mossbauer effect. Normal 
mode coordinates are a special way to arrange all degrees of freedom of the atoms 
of a molecule. In order to get degrees of freedom causing the more than linear 
increase of the {x^} values above Tc, a part of the normal mode coordinates has to 
be rearranged in a way to account for the protein specific dynamics. It can be only 
a small subset since, in the limit of the experimental error, the phonon density of 
states spectrum is nearly temperature independent up to room temperature. This is 
in accordance with theoretical investigations of Go and coworkers (see, e.g., [36] 
and references therein). 



4. Back to Mossbauer absorption spectroscopy 

As shown in Section 2 many basic experiments concerning the investigation of 
protein dynamics by Mossbauer spectroscopy lay decades ago. However, our un- 
derstanding of the underlying physical principles and the connection with the bio- 
logical function is still rather incomplete. A comparison with results obtained by 
other techniques became more and more important. New experiments with better 
statistics on different proteins had to be performed. The comparison of the results 
of phonon-assisted Mossbauer effect with conventional Mossbauer spectroscopy 
has clarified the physics of the low temperature regime. It has also been shown that 
most of the phonon interactions are still present at physiological temperatures [33]. 
One now can concentrate on the analysis of the motions, which are important for 
the function. In the following we discuss some new Mossbauer experiments. The 
protein specific motions are explained by a fwo-sfafe model. In the “rigid” state 
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there are only harmonic vibrations, which reveal themselves in the phonon density 
of states spectrum. The “flexible” state can be thermally populated. In this state the 
protein performs Brownian oscillations. The backdriving force of the Brownian os- 
cillator is modeled by only one frequency. The theoretical description was already 
developed in [18, 19, 22]. 

The Mdssbauer spectra are analyzed by the transmission integral given by Equa- 
tion (2): 



where Q(v, Es, E) gives the energy distribution of the source with the Lamb- 
Mdssbauer factor /s moved with the Doppler velocity v, and npe is the number of 
^^Fe nuclei per area. R corrects for the background. The absorption cross section, 
CTa, is given by: 



Note that Ta is not necessarily the natural line width, Tnat of the Mdssbauer tran- 
sition but may be modified by convolution with a Gaussian in order to take into 
account inhomogeneities due to conformational substates. This cross section allows 
the calculation of Mdssbauer spectra of the protein in the rigid as well as in the 
flexible state. The low-temperature regime is described by N = 0 and (Xi) = 0. We 
are back to the standard expression. The dynamics is taken into account by (x^). At 
physiological temperatures, the molecules may be in the flexible state (often called 
transition state) with a certain probability Pt{T). Quasi-diffusive motions described 
by a Brownian oscillator start to contribute. This has two consequences: the diffu- 
sion in limited space yields a mean square displacement (Xj^) which reduces the 
intensity of the line with A = 0 by exp —{k^{x^)). The missing intensity is found 
in additional broad lines where the broadening depends on the factor at- 

In the low-temperature regime we obtain from a least-squares fit the mean 
square displacement (x^) (compare Figure 4a) which agree with those determined 
from the phonon density of states spectrum. Since we know from the analysis of 
the phonon density of states spectrum that (x^) increases linearly with temperature 
up to room temperature we used extrapolated (x^) values for the analysis of the 
physiological regime. The small absorption at temperatures above 200 K enables 
us to apply the thin absorber approximation. A least-squares fit allows the determi- 
nation of the mean square displacement (x^) and the parameter at. Essential for this 
analysis is the spectral shape, which reflects the additional broad lines (compare 
Figure 4b). It has to be mentioned that the sum over N converges rapidly and can 
be terminated at A = 5 without making an error of more than 0. 1 % at T = 243 K. 




( 2 ) 




( 3 ) 
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Figure 4. Mossbauer absorption spectrum of MbCO crystals, (a) T = 80 K; the solid line is a fit 
with the transmission integral of a quadrupole doublet, (b) T = 243 K; the solid line is a fit of 
a quadrupole doublet within the thin absorber approximation using the Brownian oscillator model. 
The dashed line indicates the elastic absorption. The quasi-elastic absorption due to overdamped 
motion within the flexible state is shown as a dashed dotted line. 



The results for the mean square displacement of iron in MbCO crystals and of 
MbCO in a glycerol/water solution (3/1 glycerol/water volume/volume) are shown 
in Figures 5 and 6. We have now to extract the probability, Pi(T), of the molecule 
to be in the flexible state. The temperature dependence of {x^) is determined by two 
factors, the probability to be in the flexible state and the mean square displacement, 
(Xjq) which is performed if the molecule is permanently in the flexible state. In our 
simple model (Xjq) increases linearly with T . According to [19] one obtains: 

[xl){T) = [xl) ■ a(T) = c-T- p,{T) (4) 

and 



at(T) = ato • PiiJ). (5) 

The most simple assumption for pt(T), used in the following data analysis, is a 
population of the flexible state according to the Boltzmann statistics: 



Pt(T) = 



1 

1 + expiiAH - AS ■ T)/ksT) ' 



( 6 ) 
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Figure 5. (a) Mean square displacement, , of the iron in MbCO crystals. Grey squares: (x^) due 
to harmonic vibrations as obtained by the transmission integral. Black squares: {x'^Y = {x^) + (x^) 
obtained with the thin absorber approximation, (x^ )[J] has been taken from an extrapolation of the 
low temperature values. All error bars a less than 1/3 of the size of the symbols. Open circles: 
(x^) values due to harmonic vibrations as obtained by phonon-assisted Mdssbauer effect, (b) Black 
squares: at values characterizing the half width of the broad Lorentzians according to Equation (3). 




Figure 6. As Figure 5. However, the sample has been MbCO in a glycerol/water solution 
(3/1 vol/vol). 



AH and A 5 are the enthalpy and the entropy differences between the rigid and 
the flexible state, respectively. For the determination of pt{T) we used a least- 
squares fit taking into account Equations (4), (5) and (6) simultaneously. The values 
of (xt){T) and at(T) were weighted according to 1 /ct^ where a is the standard 
deviation obtained from the fit of the Mdssbauer spectrum. In this way we obtained 
the values for c, crto, AH and AS. They are given in Table 1. 
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Table I. Parameter obtained from the least-squares fit of the Moss- 
bauer spectra in the physiological temperature regime 



c[A2 K“'] 

AH [kj mol“'] 
AS [kJmor' K“'] 
ato [mm/s] 



MbCO crystals 

(1. 078 ± 0.085) 10“4 
29.40 ±0.45 
0.122 ±0.002 
9.09 ±0.80 



MbCO in glycerol 

(3.3±2.5)10“'^ 
30.83 ±1.63 
0.109 ±0.001 
28.4 ±0.5 



In order to investigate a possible correlation of the dynamical transition with a 
glass transition one may try to introduce an internal viscosity rjt(T) for the protein 
molecule and analyze its temperature dependence. For liquids of the viscosity rj, 
the diffusion constant D of a globular probe of radius r is D = k^T / {6n rj^r) . 
With the Einstein equation D = k^T / {2m fii) and the experimentally results for 
{x^) and Q!t one obtains the temperature dependence of the viscosity valid for our 
model [22] as 



rii{T) = 



6nr • c • ato • Pi{T) 



rho 

MTY 



(7) 



The viscosity rjtQ within the transition state depends on c and o!to. The parameter r, 
which characterizes the size of the moving segment, was chosen to be 5 A. The 
results of the temperature dependent viscosity of MbCO at the iron site are given 
in Figure 7 together with results for glycerol and pure water. The sole temperature 
dependence of the viscosity originates from the possibility pt(7") to be in the flex- 
ible state. The absolute scale of the viscosity rjto depends on the radius r, a value, 
which is somewhat arbitrary. Pastor and Karplus parameterized the Stokes’ law of 
friction for small molecules in a solvent by introducing an effective hydrodynamic 
radius for each atom [37]. In this way, the degree of solvent contacts of each atom 
was considered separately. In the case of myoglobin, the effective radius r must be 
located somewhere between the radius of the protein molecule (~15 A) and the 
atomic radius of iron (~1.4 A). A reasonable choice for the effective radius could 
be r = 5 A, the mean radius of the heme group. With the data for c and ato given 
in Table I, the viscosity of iron within myoglobin in Equation (7) is then scaled by 
rjto = 21 P and 2.2 P for crystalline MbCO and MbCO in glycerol, respectively. 



5. Discussion 

First we can compare the slope of the mean square displacements, {x^} versus tem- 
perature as obtained from the phonon density of states spectrum and the Mbssbauer 
absorption experiments, respectively. As seen from Table II there is an excellent 
agreement. However, the Mbssbauer absorption experiments yield only the total 



MOSSBAUER SPECTROSCOPY IN THE ENERGY AND IN THE TIME DOMAIN 



219 



Table II. Comparison of parameters obtained from Mossbauer absorption experi- 
ments in the energy space (Mdssb) and results from phonon-assisted Mossbauer 
effect (phon). The lower subscript “v” indicates that the values are obtained from 
the low temperature regime (rigid state). / is the Lamb-Mossbauer factor 



,/v (phon) /v (Mbssb) {x^)/T (phon) 
r = 80 K r = 80 K A^/k 



{x^)/T (Mossb) 

A^/K 



MbCO cryst. 0.74 
MbCO glyc. 



0.71 (7.2± 1.1)10“5 (7.90±0.14)10“5 

0.74 (7.12 ±0.15)10“^ 




Figure 7. Temperature-dependent internal viscosity of the protein labeled at the iron in MbCO to- 
gether with the viscosity of solvents. Closed circles: pure glycerol [42], thin line: Vogel-Fulcher law 
as a subsidiary line. Dotted line: glycerol/water mixture (3/1 vol/vol) [43]. Closed triangles: pure 
water [44] and pure water at the glass temperature of 138 K, dashed line: modified Vogel-Fulcher 
law as a subsidiary line. Open circles and open squares: internal viscosity in MbCO in glycerol/water 
and in MbCO crystals, respectively. 



mean square displacement of the iron atom. The contribution of the different mode 
of motions can not be separated. In contrast, the contribution of each phonon mode 
i to the mean square displacement {x^iT)) can be separately calculated from the 
density of phonon states. The total {x^{T)) is dominated by contributions from 
modes below 3 meV, which have a wavelength longer than 27.5 A. As stated in 
Chapter 3 these are acoustic and quasi acoustic and should depend also on the 
solvent of the sample. As a consequence the slope {x^) versus T differs by 10% 
for the crystal sample and the sample with glycerol. Another consequence of the 
different environments shows up in the values of the samples. While the dy- 
namical transition is at about 180 K in the crystal sample it becomes 210 K in the 
glycerol/ water sample. Note that the glass transition of the glycerol/water mixture 
is about 170 K (compare Figure 7). 
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The protein specific motions have been explained by a two-state model where 
the molecule can be in a rigid and in a flexible state. A similar model has been 
used to explain the protein dynamics as measured by incoherent neutron scattering 
[38^0]. Also in this approach the more flexible state is populated according to 
Boltzmann statistics. A difference to our model is the fact that undamped motions 
occur in the flexible state while we use strongly overdamped motions in order to 
explain the quasi-elastic absorption. It should be mentioned in passing that one 
may use other assumptions for piij). Such investigations are in progress. New 
experiments supply a great evidence that for many processes within a protein the 
enthalpy needed to go from the rigid into a flexible state is connected with the fluc- 
tuation of the water dipoles. The fluctuations in the flexible state may be entropy 
driven [41]. 

The slope c in the flexible state is given in Table I for MbCO in both solvents. 
If one assumes the Boltzmann model for pt(T), an occupation of the transition 
state of 99% can be reached at about 350 K and 435 K for the crystal and glycerol 
samples, respectively. A further investigation in the upper temperature regime is 
necessary. However, there are clear limitations. Let us compare the mean square 
displacements at 245 K in the crystal and the glycerol sample. While in the crys- 
tals the (x^) value follows the theoretical curve there is a significant discrepancy 
between the experimental value and the theory in glycerol. Here, the free diffusion 
of the whole myoglobin molecule is no longer negligible at this temperature while 
free diffusion is still absent in the crystals. Crystals are the better choice to per- 
form investigation at physiological temperatures. Finally, the available temperature 
window is limited by the heat denaturation of the protein. 

In the data analysis we have used the fact that the phonon density of states 
spectrum is practically independent of temperature. Therefore, only few degrees of 
motional freedom can be responsible for the protein specific motions. According 
to [36] only a small subspace of about 5% of the normal modes is necessary to 
represent motions which connect different conformational substates. 

Figure 7 shows striking differences between the internal viscosity of myoglobin 
compared to the viscosity of pure glycerol [42], a 3/1 (vol/vol) glycerol/water 
mixture [43] and pure water [44, 45]. The internal viscosity of myoglobin labeled 
at the position of the iron increase much slower with decreasing temperatures than 
glass forming liquids. At the dynamical transition Tc the viscosity is many orders of 
magnitude below 10'^ poise, which characterizes a glass transition. However, the 
estimation of internal viscosity used here is rather crude and strongly dependent 
on the model. There are a number of other attempts to discuss protein viscos- 
ity. Hence the hydrodynamic radius introduced by Pastor and Karplus was one 
approach to parameterize the problem [37]. Go and coworkers [46] found by com- 
parative normal mode analysis and molecular dynamics calculations of melittin 
that solvent water produces many local minima with low-energy barriers within 
a potential energy surface of the simulation obtained in vacuum. In addition, the 
low frequency normal modes become overdamped. In our case, the correspondent 



MOSSBAUER SPECTROSCOPY IN THE ENERGY AND IN THE TIME DOMAIN 



221 



modes, which couple to the iron in myoglobin, produce the broad lines visible at 
higher temperatures in Mossbauer absorption (see Figure 4b). The friction of each 
iron mode depends on the degree of coupling of this mode to atoms, which are 
in contact with the solvent. In our model we collect these modes into one single 
mode with frequency cot yielding a mean square displacement (x^) in the flexible 
state. Further work is necessary for a better understanding of the correlation of the 
dynamical transition temperature and a glass transition. 



6. Conclusions 

Protein dynamics have been studied by Mossbauer spectroscopy for decades. Nev- 
ertheless, there are still many open questions. A substantial progress came from 
the Mossbauer spectroscopy with synchrotron radiation. Especially the phonon- 
assisted Mossbauer effect is of great importance to separate protein specific mo- 
tions from solid state vibrations in proteins. As the result, the functional important 
motions in the physiological temperature regime can now be studied in more de- 
tail. In future, nuclear forward scattering may lead to significant progresses if it 
becomes possible to extend the time window to times as short as 1 ns without 
intolerable loss in intensity. 
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Abstract. A series of amorphous Fe-Zr-B-based nanocomposites have been prepared by borohy- 
dride chemical reduction. The structural, magnetic and crystallisation properties of these materials 
have been investigated by Mdssbauer spectroscopy, differential scanning calorimetry. X-ray diffrac- 
tion, EXAFS and SQUID magnetometry. Nanocrystals of iron and iron boride form at ca. 470 °C, 
while the zirconium remains in an amorphous matrix until the samples are heated above 600 °C, 
after which crystalline zirconia is formed. No intermetallic iron-zirconium phases are observed, im- 
plying that in the as made state the materials comprise nanocomposites of amorphous iron-boron and 
amorphous zirconium oxide. Unusually large magnetic coercivities are observed, due to interfacial 
exchange pinning between the magnetically soft Fe-B nanoparticles and a surface passivation layer. 
Further magnetic anomalies observed in the heat treated samples indicate the influence of exchange 
interactions between nanocrystalline grains in an amorphous and insulating matrix. 

Key words: magneto-nanocomposites, magnetic interactions, nanomagnetism. 



1. Introduction 

Eollowing important discoveries in the late 1980’s, there has been much intensive 
research into the effects of nanocrystalline structure on the magnetic properties 
of iron-based materials. Both the magnetically hardest (EevgNdvBg) and softest 
(EeygZryBg) materials currently known have a nanocrystalline structure, and their 
respective coercivities span seven orders of magnitude [1]. In both classes of ma- 
terials exchange interactions are at the heart of their extreme magnetic properties: 
in the hard magnets, exchange between the Nd-Ee-B and soft Ee grains, and in the 
soft magnets, exchange between neighbouring ferromagnetic grains, mediated by 
an amorphous matrix. 

By far the most common technique for creating these specialised materials is the 
partial crystallisation of amorphous melt-spun ribbon precursors. Although highly 
successful, this approach has some significant drawbacks for processing: ribbons 
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are typically only 25 /xm thick, limited to a maximum of around 0.1 m wide, 
and are often very brittle. Melt-spinning has limitations with regard to elemental 
compositions: the requirement of having a single-phase melt limits the available 
compositions to near-eutectic mixes. Furthermore, melt-spinning deals exclusively 
with metallic alloys, and as such cannot be used to form the more general class 
of magneto-nanocomposite materials, such as those comprising both metallic and 
insulating nanoparticles within a common matrix. 

In this context a promising alternative method for creating amorphous precur- 
sor alloys, with or without an incorporated insulating matrix, is that of chemical 
reduction and precipitation [2, 3]. For example, the addition of sodium borohy- 
dride solution to a vigorously-stirred solution of iron and zirconium sulphates 
can result in the precipitation of a structurally amorphous black powder contain- 
ing iron, zirconium and boron [4, 5]. In this paper we describe investigations 
of the thermally-induced crystallisation behaviour of a selection of chemically- 
precipitated Fe-Zr-B samples, and present some preliminary results regarding their 
exchange-driven magnetic properties. 



2. Experimental 

A series of Fe-Zr-B based amorphous and nanocrystalline materials was prepared 
by chemical reduction synthesis, using standard methods described in detail else- 
where [4, 5]. Both aerobic and anaerobic methods were used, the latter involving 
Schlenk lines and inert atmospheres to minimise exposure to air during synthesis. 
The products were filtered and partially dried, and then were stored under argon in 
a glove box. This procedure limits the oxidation of the product to the slow growth 
of a surface passivation layer [6]. 

The Fe, Zr and B elemental compositions of each sample were determined 
by atomic-emission spectroscopy. ^^Fe Mdssbauer spectra were recorded at room 
temperature on a conventional transmission spectrometer. Spectra were folded to 
remove baseline curvature, and calibrated with respect to a-Fe. Differential scan- 
ning calorimetry (DSC) measurements were made under argon in stainless steel 
high-pressure crucibles using a Shimadzu DSC-50, at a heating rate of 10 K/min. 
Magnetisation loops were recorded at 250 K on a Quantum Design MPMS SQUID 
magnetometer. 

Given the practical difficulties of doing so, the samples were not subjected to an 
X-ray diffraction (XRD) and EXAFS study during heating. Instead, quartz XRD 
capillary tubes were loaded with a few milligrams of sample inside the glove box, 
then removed from the box and sealed by melting in such a way as to maintain 
a vacuum/argon atmosphere inside the tubes. The content of these tubes was then 
heat-treated in situ in a tube furnace, heating at 10 K/min (matching the DSC) 
to a series of set temperatures, up to 750 °C. The tubes were then withdrawn 
and left to cool in air. Synchrotron radiation XRD measurements were performed 
using a curved image plate camera [7] on Daresbury Laboratory’s station 9.1. 
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Zr-edge fluorescence-EXAFS experiments were performed on Daresbury’s station 
9.3, using the same capillary-mounted as made and heat treated samples. 

One useful extension to the XRD technique that was used with good effect 
was ‘resonant scattering XRD’. Pairs of diffraction exposures were made at two 
wavelengths, one below the Zr K-edge at 0.68877 A and the other at slightly lower 
energy. Owing to electron resonance effects (variation in f , because of the energy 
dependence of f ) using a wavelength very close to and further away from the 
absorption edge elucidated differential changes in diffraction intensity arising from 
phases containing a significant fraction of zirconium in their structure relative to 
the iron peaks, despite increased absorption and fluorescence effects. This approach 
reveals useful information about the behaviour of the zirconium, even without any 
prior information, let alone models, of the phases it might be in. 



3. Results and discussion 

Room temperature Mdssbauer spectra are shown in Figure 1 for two representative 
samples: aerobically prepared Fe 59 Zr 7 B 34 , and anaerobically prepared Fe 5 vZr 9 B 34 . 
These spectra were fitted using Voigtian profiles to model the distributions in hy- 
perfine parameters associated with the main magnetically split sextet and quadru- 
pole split doublet components, and Forentzian profiles for a narrow-line sextet due 
to crystalline a-Fe (see Table I). 

As has been discussed previously [4], the main difference between the aerobic 
and anaerobic preparation is the presence of an air-sensitive Fe(II) complex in the 
anaerobic samples, a phase which appears not to be incorporated into the bulk 
nanocomposite and is a bystander with regard to the magnetic properties of the 





Velocity (mm/s) Velocity (mm/s) 



Figure 1 . Room temperature Mossbauer spectra for as made Fe5gZr7B34 and Fe57Zr9B34 nanocom- 
posites. The component subspectra identified in least-squares analysis of the data (solid lines) 
indicate the presence of several iron-bearing phases: amorphous Fe-B or Fe-Zr-B alloy; amorphous 
Fe oxyhydroxide; crystalline a-Fe; and, for the Fe57Zr9B34 sample, a ferrous iron complex. 
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Table /. Mossbauer hyperfine parameters obtained from least-squares fitting of the room temperature 
spectra of the as made Fe 59 Zr 7 B 34 and Fe 57 Zr 9 B 34 nanocomposites in Figure 1. The parameters 
listed include the hyperfine field Shf> isomer shift 8, quadrupole splitting or quadrupole shift A, and 
the Gaussian standard deviation a associated with distributions in these parameters. The number in 
parentheses is the error on the last digit 

Bjif ^ ^ o'A Area Phase 



(kOe) 


(kOe) 


(mm/s) 


(mm/s) (mm/s) 

Aerobic Fe 59 Zf 7 B 34 












0.40(1) 


1.14(2) 


0.8(1) 


9(1) 


Amorphous Fe 
oxyhydroxide 


331(2) 


- 


- 


- 


- 


1(1) 


a-Fe 


196(2) 


50(2) 


0.18(1) 


0.16(1) -0.03(1) 

Anaerobic Fe 57 Zr 9 B 34 




90(1) 


Amorphous 
Fe-B or 
Fe-Zr-B alloy 


— 


— 


0.31(5) 


0.92(9) 


0.3(1) 


6(2) 


Amorphous Fe 
oxyhydroxide 


- 


- 


1.17(5) 


0.10(5) 2.31(11) 


0.5(1) 


7(1) 


Fe(II) complex 


327(1) 


3(2) 


- 


- 


- 


7(1) 


a-Fe 


220(10) 


69(20) 


0.14(3) 


0.22(5) -0.01(2) 




80(2) 


Amorphous 
Fe-B or 
Fe-Zr-B alloy 



material. A more significant phase regarding the magnetic properties (see later) is 
the disordered Fe(III) oxyhydroxide, which appears as a ferric doublet. In recent 
work we have established that this is a surface coating phase arising from inherent 
passivation of the nanoparticles [6]. 

Figure 2 shows the crystallisation behaviour in the Fe 59 Zr 7 B 34 sample as ob- 
served by X-ray diffraction. The DSC curve shown for reference highlights the 
main crystallisation exotherm at about 470 °C. Working from the front of the plot 
(as-made) to the back (post-750 °C heat-treatment) the sample goes from an amor- 
phous to crystalline state. By 500 °C the iron pattern is substantially developed, and 
various other minority phases are also evident. In the 750 °C trace the nature of the 
minority phases has changed somewhat, with some of the broader peaks resolving 
into discrete sharp peaks. All of these patterns give the lattice parameter for the 
iron crystals as 2.866(1) A, which is indistinguishable from the accepted value for 
pure a -iron within experimental error. 

Knowing that the diffractograms of annealed samples show multi-phase mate- 
rials, considerable attempts were made to identify components by search-match 
procedures with library patterns in the Powder Diffraction File. In addition to the 
iron, some good or reasonable matches were found to FeB phases, particularly 
Fc 2 B. Even so, this procedure was not entirely successful - many peaks remained 
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DSC 




Figure 2. Crystallisation of chemically-precipitated Fe 59 Zr 7 B 34 nanocomposite, as observed by 
X-ray diffraction {X = 0.6920 A) and differential scanning calorimetry (DSC). 



unidentified, and some of the matches were dubious. This might be explained if we 
are observing strained or highly substituted phases. 

For the resonant XRD studies, pairs of diffraction patterns were normalised 
on iron-peak intensity, then the other peaks inspected. It proved computationally 
very difficult to subtract one plot from another, owing partly to different sampling 
intervals, but mainly due to the problem of defining the background sufficiently 
accurately. Instead, the pairs of traces were turned through 90° so that the 29 axis 
was vertical and then a stereoscopic viewing technique was adopted (see Figure 3 
for data on Fe 57 Zr 9 B 34 ). In this way the human brain picks out differential peak 
heights quite naturally by making them appear to lean up from, or sink behind, the 
plane of the page. 

It was found that diffractograms from samples heated to 750 °C showed some 
peaks with differential heights, while those from 600 °C and below did not - 
though these had a differential change in low-angle background. This indicates 
that the zirconium only exists in any crystalline form in the 750 °C samples. We 
note however that minor substitutions of zirconium in other crystals would not be 
detected with this technique. 

Even in the raw data, the EXAFS spectra of both Fc 59 Zr 7 B 34 and Fc 57 Zr 9 B 34 
(Figure 4) show that a major change in the local zirconium environment occurs 
between samples heated to 600 °C and below, and 660 °C and above. Preliminary 
analysis of the Fes 7 Zr 9 B 34 data shows that in the low-temperature state, the zirco- 
nium is surrounded by a nearest-neighbour shell of 4 oxygen atoms at 2.14 A in 
a disordered state, whereas at 660 °C and above it has crystallised to a bulk phase 
with 4 oxygens at 2.11 A, 4 oxygens at 2.36 A and 12 zirconium atoms at 3.64 A. 
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Figure 3. Comparison of two X-ray diffraction patterns for nanocomposite Fe 57 Zr 9 B 34 following 
heating to 750 °C, showing the effect of resonant scattering. The pattern on the left was exposed at 
0.6890 A, on the right, at 0.7500 A. Note the marked change in intensity of the indicated peaks. [To 
view stereoscopically: hold finger approximately half way between the diagram and face, look at the 
finger. Slowly move the finger back and forth until the pair of graph traces in the background fuse 
into one (or three). Remove the finger and allow the eyes to refocus. While the iron peaks will still 
appear to be flat, the arrowed peaks will appear to slant up from the plane of the page, owing to their 
differential height.] 



The latter is characteristic of a tetragonal TjcOj phase (ICSD ref. 31983), which 
was subsequently simulated in XRD and found to match the XRD data. 

Magnetic hysteresis data on the aerobic Fe 5 gZr 7 B 34 samples measured at 250 K 
in fields of up to 10 kOe are shown in Table II. A striking and unusual feature, 
apparent for the as made sample, is the coercivity, which is much higher than the 
few Oe that would be expected for an amorphous soft ferromagnetic material. This 
high value cannot be attributed to the very small 1% fraction of a-Fe present in the 
sample (if it were the hysteresis loop would have a characteristic ‘wasp-waisted’ or 
‘pot-bellied’ shape, which it does not), and has recently been proved to be due to 
exchange pinning of the soft ferromagnetic nanoparticles by the surface passivation 
layer [6]. 
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Table II. Magnetic hysteresis parameters of as made and 
annealed samples of Fe 59 Zr 7 B 34 nanocomposite, recorded 
at 250 K. The parameters listed are the coercivity He, rema- 
nence Ur and maximum magnetisation ffmax measured in an 
applied field of 10 kOe. The number in parentheses is the 
error on the last digit 



Sample 


He (Oe) 


ffr (emu/g) 


ffmax (emu/g) 


As made 


141 (5) 


5.3 (5) 


77.6 (5) 


400 °C annealed 


131 (5) 


8.7 (5) 


100.0 (5) 


500 °C annealed 


335 (5) 


13.8 (5) 


94.7 (5) 





18000 

X-ray energy /eV 



18600 18000 



X-ray energy /eV 



18600 



Figure 4. Zr-edge EXAFS data for Fe 59 Zr 7 B 34 and Fe 57 Zr 9 B 34 nanocomposites as a function of 
annealing temperature. The increased oscillation frequencies evident in the data for the 660 °C and 
750 °C samples indicates a change in the zirconium environment from disordered to crystalline. 



Interesting features are also apparent in the annealed samples. After 400 °C 
annealing, the coercivity falls while both the remanence and the saturation mag- 
netisation increase. After 500 °C annealing, the coercivity rises again, while the re- 
manence rises further and the saturation magnetisation falls slightly. These effects 
are reminiscent of those seen in the FINEMET class of ternary alloys [1], where 
at intermediate annealing temperatures the exchange coupling between nanoscale 
grains of a-Ee is mediated through an amorphous matrix, leading to ultra-soft 
magnetic properties. 
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4. Conclusions 

A combination of Mossbauer effect, DSC, XRD, EXAFS and SQUID magne- 
tometry experiments were performed on both as made and heat treated Fe-Zr-B 
nanocomposites prepared by borohydride reduction. These showed that the main 
crystallisation exotherm is at 470 °C, and that below this temperature, the samples 
remain mainly amorphous. At the exotherm, iron and some iron borides crys- 
tallise. A crystalline Zr02 phase is only seen in samples heated to 660 °C and 
above; while at the same temperatures there is no evidence of any FeZr inter- 
metallic phases. An unusually large magnetic coercivity in the as made samples 
indicates exchange pinning behaviour, while the evolution of coercivity, rema- 
nence and saturation magnetisation with annealing temperature indicate that other 
exchange-driven magnetic properties are activated in the heat-treated materials. 
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Abstract. Earlier NMR investigations revealed that the tetrameric [Me 3 SnL ]4 compound [Me = 
methyl group, CH 3 ; L = cupferronato anion, PhN 2 ( 0 ) 0 “] falls apart to monomeric units in chloro- 
form solution. Comparison of Mossbauer spectra of the crystalline and the dissolved form indicated 
a minor change in structure, but not clearly. From the four possible structures in solution, two could 
be excluded by the help of partial quadrupole splitting (PQS) model calculations. The final decision 
between the remaining two possible monomeric structures was made by IR spectroscopy. The authors 
cite and, using PQS calculations, explain the case of another compound, [Me 2 N(CH 2 ) 3 ] 2 SnF 2 , the 
two structural isomers of which had been found to have very similar spectra in spite of a seemingly 
great difference between the positions of the ligands. 

Key words: partial quadrupole splitting, point charge model, organotin(IV) cation, cupferronato 
ligand, coordination chemistry. 



1. Introduction 

Cupferronato anion (PhN2(0)0“) forms complexes with most of the metal ions; 
it generally coordinates as a bidentate ligand forming chelating coordination pat- 
terns. We studied novel compounds consisting of organotin cations and cupfer- 
ronato ligands by Mossbauer spectroscopy, which are described by the general 
formula [R„SnL 4 _„]m (R: methyl, Me or phenyl, Ph group; L: PhN2(0)0“, cup- 
ferronato anion). In these compounds, besides the usual chelating ones, the cupfer- 
ronato ligand also forms bridging - simple and triconnective (bridging chelating) 
- bonding patterns. The amazing variety of structures (marked by different coor- 
dinating modes of the anion and the variation of the coordination number of tin 
between 5 and 8) makes these compounds very interesting targets for structural 
studies. As intriguing structural transformations had been expected, we decided 
to study the structures of the complexes in solution. Therefore, we carried out 
Mossbauer spectroscopic measurements on the crystalline compounds and their 
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quick-frozen solutions. Independent NMR-spectroscopic data, model calculations 
and FTIR spectroscopic investigations also helped the interpretation of the Mdss- 
bauer data. Besides structural changes, many interesting chemical transformations 
of the dissolved complexes were followed using Mdssbauer spectroscopy (e.g., 
reactions with Lewis bases and steps of complex formations), which demonstrate 
that Mdssbauer spectroscopy can be a very efficient tool for preparative chemists. 
Although this work was fully covered in the talk, due to the large volume of the 
work we can only focus on a small part of the work here, namely some general 
aspects on the use of the PQS approach, and on the determination of the structure 
of [Me 3 SnL ]4 in chloroform solution. For the complete work the reader is directed 
to [1]. 



2. Discussion 

It has been widely recognized that Mdssbauer spectroscopy can be a useful method 
in coordination chemistry because of its sensitivity to the structure in the ligand 
sphere. Furthermore, it is well known that cis and trans forms of octahedral com- 
plexes can be easily distinguished by Mdssbauer spectroscopy, because the QS of 
the cis form is about twice of the trans form. With our first example, a cis trans 
transition, we would like to draw attention to a particular feature of the EFG of 
organometallic compounds. 

An octahedrally ligated organotin compound, [Me 2 N(CH 2 ) 3 ] 2 SnF 2 , contains 
two F-Sn, two N-Sn and two C-Sn bonds as seen in Figure 1. Although this 
compound has trans structure in solid as shown in Figure 1(a), it was observed 
(with NMR spectroscopy) to undergo a partial transformation to the cis form in 
chloroform solution (cf. Figure 1(b)) [2]. 

Nevertheless, Mdssbauer analysis gave similar results on both the solid and 
the frozen chloroform solution: the measured quadrupole splitting values were 
3.79 mms“' and 3.67 mms“', respectively, [3]. Not only that the change of QS 
is far less than expected, but - due to the relatively large linewidths of tin (0.8- 
0.9 mms“' in this case), and the standard deviation of fitted line positions 
(±0.04 mms“') - these values do not reflect any significant difference at all. 

A quick model calculation using the partial quadrupole splitting (PQS) ap- 
proach [4-7], which is often used to help the determination of the structure of tin 
complexes, reveals why the Mdssbauer spectroscopy failed to distinguish between 
the two forms of the complex. 

The PQS model, based on the point charge model, considers the ligands of a 
hybridisation mode as having additive and independent contributions to the EFG 
at the site of the Sn nucleus. Accordingly, the overall quadrupole splitting (A) is 
calculated by summing up the PQS contributions of the individual ligands that 
surround the tin ion. In our example, the folowing PQS values were used: { C } = 
— 1.03 mms“'; {N} = ±0.01 mms“'; {F} = 0.00 mm s~* [7, 8]. Now, the overall 
quadrupole splitting values calculated for the cis and trans forms (which notation 
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F 



trans-¥ 



cis-¥ 



Figure 1 . Structure of the cis and trans isomers of [Me2N(CH2)3]2SnF2. 



refers here to the relative positions of the halogen atoms) were found nearly the 
same (A ~ 4.1 mms“'). The is described by same formula for both forms: 



Having another look at Figure 1, we can see the reason: there is no difference 
between the relative carbon positions, since they occupy trans positions in both 
cases. (If they occupied cis positions, the quadrupole splitting would be only about 
A ~ 2 mm s~^ [9].) So by using the PQS model we can understand why the two 
forms are practically impossible to distinguish on the sole basis of their Mdssbauer- 
spectra. 

What we have learned from the above example is this: the EFG of tin ion 
in organometallic compounds is basically determined by the Sn-C bonds, when 
the other coordinated atoms are N, O or halogen. Consequently, in this type of 
complexes the quadrupole splitting resulted from the interaction of the tin and the 
ligands depends mainly on the position of the carbon atoms that are bonded directly 
to the tin atom. 

On the other hand, as Mdssbauer spectroscopy is quite sensitive to the relative 
position of the (bonding) carbon atoms in a complex, in our studies presented 
below, we were able to make good use of this sensitivity of Mossbauer spec- 
troscopy to the relative position of the (bonding) carbon atoms, since the stmctural 
changes in solution were always accompanied with the displacement of the carbon 
atoms [1]. Such changes were reflected as remarkable differences between the 
spectra of the solid compound and its quick-frozen solution. As an example, we 
will discuss below the case of the tetrameric compound [Me 3 SnL ]4 (Figure 2), 
whose structure showed the most radical change in solution of all the tin complexes 
studied. 

Earlier NMR investigations revealed that the tetrameric complex [Me 3 SnL ]4 
dissociates to monomeric species in CHCI 3 solution [10]. Eor this monomer, the es- 
timated Me-Sn-Me angle was about 1 10°, a value typical of cA-TBP coordination 
geometry [ 11 ]. 



V,, = 4{CH2] - 2{E] - 2{N}. 
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Figure 2. Molecular structure of the compound [Me 3 SnL] 4 . The local geometry of tin is trigonal 
bipyramidal. 
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Figure 3. Possible stuctures of [Me 3 SnL ]4 in solution. 



However, the Mossbauer parameters did not vary substantially upon dissolution 
(the only change was that the quadrupole splitting increased from 3.55 to 3.66 
mms“^), therefore, the change of the coordination sphere could neither be proved 
nor disaproved by Mossbauer spectroscopy. 

So we carefully considered all the possible structures of the solute that could 
be imagined in solution. If the complex remained intact, then the local geometry 
around the tin atom should be (tran^^- 0 ) 2 SnMe 3 -TBP, just like in the solid state (see 
Figure 2). (However, this possibility had been excluded by the NMR studies [11].) 
But if the tetrameric unit falls apart to monomers, then three different structures 
are conceivable: one with tetrahedral and two with trigonal bipyramidal (TBP) 
geometry (Figure 3). The fourfold coordination is only possible, if the cupferronato 
ligand is monodentate, which would be rather unexpected. The rest of the plausible 
structures in solution contains penta-coordinated tin with TBP geometry, in which 
the cupferronato anion is a bidentate chelating ligand. The relative arrangement of 
the ligands can be either (mcr-Me 3 )Sn 02 -TBP (which, with both oxygen atoms of 
the cupferronato ligand occupying the equatorial position of the TBP ligand sphere. 
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is named after the position of the three Me-groups), or (cw-0)2SnMe3-TBP (where 
the oxygen atoms of the cupferronato ligand occupy an apical and an equatorial 
position in the coordination sphere). The (trau5-0)2SnMe3-TBP, (mcr-Me3)Sn02- 
TBP, and (c«-0)2SnMe3-TBP arrangements will be referred to as “trans-”, “mer-”, 
and “ciis-TBP structures”, respectively (see Figure 3). 

To decide which of these structures is actually present in solution, we compared 
the quadrupole splitting data obtained on the solid and on the solution with typical 
values from the literature and with the results of PQS calculations. 

In the case of TBP coordination geometry, the following calculations are to be 
made [5]: 



|A[R3Sn(trau5-OX)2]| 

|A[R3Sn(cA-OX)2]| 

|A[mcr-R3Sn(OX)2]| 



4{OX}*“ - 3{R}*", 

2{R}*“ - 8{R}*'= + 2{OX}*^ + 5{OX}*" 

VT3 

-8{R}*" - {R}*'^ + 7{OX}**= 

■ 



In the above equations: {OX}*“, etc. denote the PQS values of the bonding 
atom (e.g., in the given case the contribution of an oxygen donor atom in a general 
ligand OX to the quadrupole splitting) with the superscript showing the position 
of the ligand {tba\ apical position of trigonal bipyramidal, tbe\ equatorial position 
of TBP). By using PQS values most common for ligands with O donor atoms, we 
found that the estimated quadrupole splitting is unrealistically small. Therefore we 
used PQS values related to O atoms, that are part of a conjugated system (as is the 
case with our compounds). Then we obtained reasonable estimates. The results can 
be seen in Table I. 

For the four-coordinated tin, the PQS model gives the following result: 



A = 2{OX}“’‘ - 2{R}‘"‘'' = 2.00 mms“'. 



The PQS values used for these ligands are: = —1.37 mm s ', = 

-0.37 mms-' [12]. 

The small PQS values obtained for the tetrahedral and for the ciT-TBP structures 
rule out these arrangements. Albeit the experimental A values follow the tendency 
predicted by the PQS model for a trans to mer transformation (cf. Table I), the 
difference is small and therefore we cannot exclude that only a slight alteration 
of the complex structure takes place in solution, which preserves the coordination 
pattern. Moreover, we cannot expect a better accuracy than 10% for this approxi- 
mation, and the relatively close values calculated for the remaining mcr-TBP and 
tran^-TBP structures do not allow us to make an unambiguous decision. 

Since these arrangements have a symmetry difference that IR spectroscopy is 
rather sensitive to, we compared the FTIR spectra of the solid compound and its 
solutions made with chloroform and n -heptane. The spectra, which are presented 
in Figure 4, reveal numerous differences. First, the Sn-C stretchings give a clear 
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Table I. Quadrupole splitting values estimated by the PQS method for molecules of the type 
R 3 Sn(OX )2 having a trigonal bipramidal structure 



Structure 


A [mms '] 


A [mms 


A [mm s ^ ] 




(OX = o“) 


(OX = bipyo'’) 


(O = acac‘^) 


trans-{OX )2 


2.55 


3.23 


3.27 


cis-(OX )2 


1.74 


2.17 


2.25 


mer-Rj 


3.03 


3.66 


3.80 



“O: typical ligand with O donor atom, ^bipyo: 2,2'-bipyridil-N,N'-dioxide, ^acac: acetil-acetonate. 
The following ligand PQS values were used for the calculations [5, 12,4]: {R)*“ = — 0.94mms“^, 
(R}*e ^ _pi 3 mms-', {OX = O}*"* = -0.21 mms"', (OX = O}*® = -0.09 mms"', 
(OX = bipyo}*“ = —0.04 mms“', (OX = bipyoj'-*’® = 0.15 mms“^, {OX = acac}*^ = 
—0.03 mms“* and {OX = acacj*® = 0.20 mms“*. 




I ' I ' 1^1' I ' I ' I 

400 500 600 700 800 900 1 000 



W avenumber (cm ') 

Figure 4. FTIR spectra of the complex {Me 3 SnL ]4 in (a) solid form, (b) n -heptane solution 
and (c) chloroform solution. Assignments: 1 - v(Sn-O) stretching, 2 - v(Sn-C) stretching, 3 - 
vs(Sn-C 3 ), 4 - UAs(Sn-C 3 ), 5 - Ph, 6 - O-Sn-0 bending and 7 - S(ONNO). The absorption of 
the solvent can alter the spectra in the range 646-820 cm“* and 700-800 cm“* in the case of 
chloroform and n-heptane, respectively. 



evidence of the altered symmetry. In the tetrameric compound, the three methyl 
groups are arranged symmetrically in a plane; therefore, due to the selection rules, 
the symmetric vs(SnC 3 ) vibration is Raman active and infrared inactive. Indeed, 
this is a high-intensity feature of the Raman spectra at 520 cm“^ [13], but it is 
also present in the IR spectra with low intensity due to deviations from perfect 
symmetry. The asymmetric VAs(SnC 3 ) mode, for which the selection rules are just 
the opposite, is expected to be about 30 cm“^ higher [14]. This mode is reflected 
by an intense band at 555 cm“' in the IR spectra, but it is absent from the Raman 
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spectra [13]. Both modes can be observed in the IR spectrum of the complex 
[Me 3 SnL ]4 displayed in Figure 4, just below and above the band of the y(SnC) 
stretching (~540 cm“'). The latter serves as a good reference when we study the 
behavior of the v(SnC 3 ) modes. 

It is expected that the IR intensity of the Vs(SnC 3 ) mode increases, and the band 
of the VAs(SnC 3 ) mode disappears upon breaking the threefold planar symmetry of 
the arrangement of the methyl groups [14, 15]. This is exactly what we can observe 
in the IR spectra of the solutions: the band at 520 cm“' increases substantially, 
while the 555 cm“' peak practically disappears. 

Furthermore, the wave number of the Sn-0 stretching became larger upon dis- 
solution (solid: 387 cm“^ — ^ in CHCI 3 : 404 cm“', in n-heptane: 406 cm“'), which 
indicates a variation of the Sn-0 bonds. The latter values are close to those ob- 
tained with compounds containing a bidentate chelating cupferronato anion (400- 
401 cm“^) [13, 16, 10]. This can be interpreted as a sign that the tetramer disso- 
ciated and the coordination of the cupferronato anion switched from bridging to 
chelating. 

The appearance of the band at 680 cm“' in the spectra of the solutions (typical 
of the Oi-Sn-Oi bending mode of a chelating Oi02-rj^ coordination) as well as the 
variation of the 5(ONNO) mode at 930 cm“' suggest that the tetramer dissociates 
in solution and the monomer formed has a mcr-TBP structure. 



3. Conclusions 

Results of Mdssbauer spectroscopic investigations, PQS calculations and IR spec- 
troscopy showed that the tetrameric compound [Me 3 SnL ]4 dissociates to mono- 
meric species in chloroform solution, and this monomer has a mer-Me 3 SnL struc- 
ture with trigonal bipyramidal geometry. 

In the case of the compound [Me 2 N(CH 2 ) 3 ] 2 SnF 2 , the similarity between the 
Mdssbauer spectra of the two isomers (cis-F and trans-F) could be interpreted by 
considering the results of PQS calculations. In fact, in this compound, the quadru- 
pole splitting is practically determined by the contribution of the carbon atoms, 
which have the same position in both forms, and therefore they have very similar 
Mdssbauer spectra. 
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Abstract. The measurement of the soft FeLcr and FeL/J X-ray emission spectra by electron mi- 
croprobe (flank method) allows the determination of the iron oxidation state in minerals if our new 
method for self-absorption correction is applied. It can be shown that the FeL/3/FeLa ratios obtained 
with the flank method correlate with Mbssbauer quadrupole splitting and crystallographic data. This 
can be explained by the successive distortion of the iron coordination polyhedra with cation substi- 
tution. Thus, the electron microprobe data unexpectedly reveal details of the electrostatic field at the 
crystallographic site. Although the resolution with respect to hyperfine parameters is lower compared 
to other methods, the Fe^“*“/Fe^“*“ determination by electron microprobe bears several advantages: 
(i) the small sample amount needed, (ii) the small sampling volume ^1 /rm^, (iii) the simultaneous 
in situ Fe^+/Fe^+ determination and quantitative chemical analysis, (iv) the easy routine sample 
preparation, (v) the ready availability of an electron microprobe in comparison to a synchrotron. 

Key words: iron oxidation state. X-ray spectroscopy, electron microprobe, flank method, Mbssbauer, 
garnet. 



1. Introduction 

Mossbauer spectroscopy is an important and accepted tool in geoscience to de- 
termine the iron oxidation state in minerals. However, there are limitations to 
Mbssbauer spectroscopy with respect to sample size so that alternative methods to 
determine iron speciation on the micrometer scale are being developed. Amongst 
these are XANES and XAES with synchrotron (see [1] and references) or X-ray 
photoelectron spectroscopy (XPS, e.g., [2]) with a relatively poor spatial resolution 
of several tens to hundreds of /xm, only slightly better than the recent development 
of the Mbssbauer milliprobe [3], and transmission electron microscopy (EELS, 
e.g., [4]) with a resolution of 1 /xm. In geoscience, these methods are all useful, 
but limitations exist such as the ready availability of a synchrotron, the amount of 
sample material needed or the destructive preparation for TEM. 

On the other hand, geoscientists investigate the chemical composition of natural 
and synthetic minerals routinely by electron microprobe. This method exploits 
the characteristic X-ray emission of elements in very small sample volumes for 
quantitative chemical analysis on the micrometer scale. The most sensitive method 
of detection is in the wavelength dispersive mode. Since such electron microprobes 
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are widely used in material science and geoscience laboratories, the possibility of 
determining Fe^+/Fe^+ with such an instrument would be of general interest. It 
even offers the possibility of the simultaneous in situ determination of chemical 
composition and of Fe^+/Fe^+ on the micrometer scale without additional sample 
preparation. Another advantage is the small amount of sample material needed. 
With Mbssbauer spectroscopy, several milligrams of sample are needed depending 
on the amount of total iron and an electron microprobe quantitative determination 
for the analysis of the bulk iron content is still required. 

There have been several attempts in the past to determine the iron oxidation 
state by electron microprobe. Yet, only semiquantitative Fe^+/Fe^+ estimations 
were achieved so far (e.g., [5, 6]). Based on these experiences we developed a 
new method [7] that allows accurate measurement of the critical X-ray intensities 
that are related to the iron oxidation state in solid samples. This method has been 
applied successfully for sodic amphiboles by Enders et al. [8] and for wiistites 
by our group [9]. Our latest results with synthetic garnets [10] show that the raw 
microprobe data can be empirically corrected for self-absorption and that an un- 
ambiguous determination of Fe^+/Fe^+ is possible by electron microprobe. In the 
present paper we compare these results on garnet solid solutions with Mbssbauer 
data of the same samples. It will be shown that, even at the low resolution of 
the electron microprobe compared to Mbssbauer spectroscopy with respect to hy- 
perfine parameters, the electron microprobe data hide more structural details than 
previously expected. 



2. Experimental 

The synthetic garnets (general formula: Me 3 “''Me 2 '''Si 30 i 2 ) are solid solutions with 
Mg^+, Ca^+, and Mn^+ for Fe^'*' on the dodecahedral sites, and AP+ and Cr^+ for 
Fe^+ on the octahedral sites in variable amounts. The garnets were synthesized 
in several laboratories [11-14] and generously supplied for our investigations. 
Fe^+/SFe contents were either determined by Mbssbauer spectroscopy [11, 12], 
or from stoichiometric calculation. 

The samples were mounted with epoxy resin into cylindrical holes in an epoxy 
pellet of 25 mm diameter and polished with a final diamond powder grain size of 
0.25 /xm. The minimum amount of sample material needed for electron microprobe 
investigations are grains of about 10 /xm size. This corresponds to the routine 
preparation of polished sections for petrographic purposes. For the analysis by 
electron microprobe, the samples are coated with a carbon film of approximately 
20 nm. Up to six of these 25 mm polished sections usually with 16 samples each 
may be placed in a sample holder so that a considerable number of samples (up 
to 100) may be analysed in one working session. 

The results presented here were obtained with a Cameca SX 50 microprobe 
(Technische Universitat Darmstadt) and a Jeol JX 8900 R microprobe (Universitat 
Frankfurt). The accelerating voltage was 10 kV with a beam current of 60 nA and 
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a beam diameter of 3 /xm. Under these conditions, the electron beam penetrates to 
a depth of roughly 1 /xm. In general, the electron beam can be focused to ^ 1 /xm 
so the analyzed volume in which characteristic X-rays are produced is about 0.5- 
1 /xm^. 



3. Results and discussion 

In the routine mode for quantitative chemical analysis by electron microprobe, such 
X-ray emission lines are exploited which are not affected by chemical bonding, 
i.e., which result from inner-shell electron transitions. If we aim to use the electron 
microprobe in an as yet non-routine fashion to determine Fe^+/Fe^+, we need to 
choose X-ray emission lines in which valence electrons are involved. Soft FeLa 
and FeLyd emission lines are produced by valence band electron transitions and are 
therefore affected to a large extent by the valency of the emitting Fe ion. Other 
factors influencing the valence spectra are the chemical bonding and the crystal- 
lographic surrounding (i.e. the nearest neighbours as given by the coordination 
polyhedron as well as the next-nearest neighbours, given by the crystal structure). 
Although systematic variations of both the intensity and the wavelength with ferric 
iron content have been reported, it has not been possible to determine the ferric 
iron content in oxides and silicates from these spectra with sufficient accuracy. 

We have made progress by (a) concentrating on samples with the same crys- 
tal structure (thereby keeping the crystallographic surrounding, i.e., coordination 
polyhedra, bonding atoms, bonding type nearly constant) and (b) by developing a 
measuring technique (“flank method” [7, 9]) that enhances the sensitivity compared 
to former methods which relied either on peak intensity ratios or on peak shifts. 

The flank method is based on determining the FeL/t/FeLa intensity ratios in 
those two positions of the peaks for which the differences between the spectra 
of pure ferrous or ferric iron-containing samples are most pronounced [7]. Such 
spectra and their difference spectrum are shown in Figure 1 for two garnets con- 
taining either only Fe^+ (almandine) or Fe^+ (andradite). The shift in energy and 
the change of the FeL/i/FeLa intensity ratio between the Fe^+ bearing garnet 
and the Fe^+ bearing garnet is most obvious. The two measuring positions for 
the flank method are indicated by the vertical lines and correspond to the mini- 
mum and the maximum of the difference spectmm of L/i and La. This yields a 
high sensitivity by combining both energy shifts and intensity changes. For the 
actual measurements, 27 700 counts were accumulated at the derived energy posi- 
tions for La and Lfi. Thus, counting statistics are identical for samples with high 
or low iron contents. Since a good spectrometer reproducibility is essential for 
these measurements, we developed a special method to improve the setting of the 
spectrometer [9]. 

The FeL/i/FeLo; intensity ratios determined with the flank method in synthetic 
garnets vary systematically with the total iron content of the synthetic garnets be- 
cause of the effect of self-absorption. This effect is produced by the iron atoms 
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Figure 1. FeLa and FeL/i X-ray emission spectra of almandine Fe, Al- Si 30 i 2 and andradite 

2 1 2 I ^ ^ 

Ca 2 ^Fe 2 ^Si 30 i 2 - The maxima are shifted to higher energies for the garnet containing ferric iron 
with a concommitant decrease of the L/S/La intensity ratio. The postions for the flank method 
measurements are marked by the vertical lines and are situated in the minimum and maximum of 
the difference spectrum. 



in the sample: when measuring X-ray emission next to the FeL absorption edges, 
an overlap of emission and absorption energy states occurs. The X-ray emission 
produced in the sample is absorbed by the iron atoms on their path through the 
sample. Since the FeL absorption edges themselves shift with iron oxidation state, 
we imply that the changes of X-ray emission in these positions are in fact a result of 
selective self-absorption by the Fe ion species. By empirically correcting for self- 
absorption, a linear relationship results between the corrected ratio FeL/J/FeLa 
and the content of Fe^"*“ for all the analyzed garnet samples, regardless of their 
chemical composition (Figure 2). Hence L/l/La intensity ratios can be used unam- 
biguously to determine the ferric iron content in garnets. The results also indicate 
that the self-absorption effect consists of two components which have to be treated 
separately: one accounting for ferrous iron and the other for ferric iron implying a 
different mass absorption behaviour for ferrous and ferric iron. Details about the 
correction procedure will be published elsewhere [10]. 

To compare the flank method electron microprobe data with the Mdssbauer 
data, we focus on the garnet solid solutions almandine-skiagite (Fe3“*“Al2'''Si30i2- 
Fe3“''Fe2''~Si30i2) and skiagite-andradite (Fe3“''Fe2''~Si30i2-Ca3‘''Fe2'''Si30i2). 
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Figure 2. Plot of the FeL/1 /FeLa intensity ratios as determined by the flank method and empirically 
corrected for self-absorption versus the ferric iron content of the garnets. The total iron content in 
these samples varies from 6 to 50.6 wt.%. The uncertainty in y is about ±0.03. 



They were provided by A. B. Woodland, their Mdssbauer paramaters are described 
in [11, 12]. 

The ratios FeL/l/FeLo! obtained by the flank method (raw data, uncorrected for 
self-absorption) are plotted in Figure 3 versus Fe^+/ SFe. With increasing substitu- 
tion of Al^+ by Fe^+ in the almandine-skiagite solid solution on the octahedral site, 
the intensity ratio decreases only slightly. In the skiagite-andradite solid solution, 
Fe^+ is substituted by Ca^+ on the dodecahedral site which results in a pronounced 
decrease of Lfi/La with Fe^+/SFe. An almost identical pattern is observed for 
the quadrupole splitting of Fe^+ on the octahedral site obtained from Mdssbauer 
spectra (Figure 4). The Fe^+ quadrupole splitting on the dodecahedral site does not 
vary with Fe^+/ SFe. This behaviour was already observed by Amthauer et al. [15] 
for natural garnets. The Fe^+ quadrupole splitting and the electron microprobe 
data show a comparable dependence on Fe^+/SFe and Figure 5 shows a linear 
correlation between both data sets (only the endmembers skiagite and andradite 
plot slightly off the correlation line). 

In the garnet stmcture, Fe^+ and Fe^+ ions occupy different crystallographic 
sites: the larger divalent cation is coordinated by 8 oxygens in a distorted cubic 
arrangement conventionally called the dodecahedral site and the smaller trivalent 
cation is coordinated by 6 oxygens in octahedral geometry. For the present investi- 
gation the linking between these polyhedra is of relevance: while the octahedra are 
isolated from each other, they share 6 of their 12 edges with neighbouring dodec- 
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dependence as the electron microprobe data (Figure 3). Replotted from [12]. 
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ahedra. Thus, a change of the dodecahedral site geometry due to cation exchange 
induces a concomitant change of the octahedral site geometry. Conversely, only 4 
of 18 dodecahedral edges are shared with neighbouring octahedral sites implying 
that cation exchange on octahedral sites does not affect the dodecahedral distortion 
as much as vice versa. Woodland and Ross II [12] showed this relationship in their 
Figure 5 by plotting the octahedral distortion parameter a versus the dodecahedral 
distortion parameter p. 

This behaviour is reflected in Figure 4, from which we know that the Fe^+ 
quadrupole splitting does not depend on the kind of cations on the dodecahedral 
and octahedral sites while the Fe^+ quadrupole splitting decreases with increasing 
Fe^+/ SFe. To visualize the effect of cation exchange from an atomic and crystallo- 
graphic view, we replotted the data from Woodland and Ross II [12] by normalizing 
the amount of Fe^+ and Fe^+ to the number of available dodecahedral or octahedral 
sites per formula unit in the garnet structure. The quadmpole splitting of Fe^+ is 
now plotted versus the filling of the octahedral site by Fe^+ (Figure 6(a)) and versus 
the filling of the dodecahedral site by Fe^"*" (Figure 6(b)). The replacement of AP+ 
by Fe^+ on the octahedral site (almandine-skiagite) does not change the octahe- 
dral site distortion and the Fe^+ quadrupole splitting to any extent (Figure 6(a)). 
The substitution of Fe^+ by Ca^+ on the dodecahedral site in andradite-skiagite, 
however, has a large effect on the octahedral site distortion and thus changes the 
Fe^+ quadrupole splitting significantly - it is linear with successive filling of the 
dodecahedral site by Fe^+ (Figure 6(b)). The small deviation from linearity on 
the andradite-rich side may be caused by the octahedral site distortion which is 
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Figure 6. Fe^+ Mossbauer quadrupole splitting versus (a) Fe^"*“ normalized to the number of avail- 
able octahedral sites and (b) Fe^“*“ normalized to the number of available dodecahedral sites in the 
garnet structure. Replotted from [12]. 
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reported to change from oblate to prolate at the 35 mol% skiagite composition 
[12]. If this were the case, we should see a pronounced change or a minimum in 
the relationship. Since it is not the case, we may interpret this in conjunction with 
[12] that the electric field gradient (EFG) responsible for the Fe^+ QS is not only 
governed by the octahedral site geometry but is also influenced by contributions 
from further distances. 



4. Conclusions 

The present work shows that the oxidation state of iron can be determined un- 
ambiguously by electron microprobe measurements in garnets if our empirical 
correction for self-absorption is applied. The comparison with Mdssbauer and crys- 
tallographic data shows the high sensitivity of the method. We find corresponding 
relationships between the flank method ratios obtained by the electron microprobe, 
Mossbauer QS data, and various crystallographic aspects. Since the characteris- 
tic X-rays measured in electron microprobe analysis are the result of electronic 
transitions, the EFG must be related to the valence band spectra exploited for 
Fe^+/Fe^‘'“ determination. Therefore the electron microprobe measurements reveal 
more details than previously expected. Although these informations have a lower 
spectral resolution than Mdssbauer spectroscopy or XANES, the possibility of de- 
termining Fe^+/Fe^+ with the microprobe bears many advantages. Amongst them 
are the high spatial resolution in conjunction with the small analyzed volume (in 
the order of 1 /um^), the possibility of the simultaneous chemical analysis of such 
small volumes, the fastness of the method (~10 min per analysis) and the almost 
nondestructive preparation of polished mounts. 
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Abstract. Mossbauer recoil-free fraction (/) data for ferrocene [(? 7 ^-(C 5 H 5 ) 2 Fe] over the temper- 
ature range 90 ^ T ^ 370 K have been used to calculate the mean-square-amplitude-of-vibration 
(msav) of the iron atom, and these data have been compared to the thermal factors (1///) extracted 
from X-ray diffraction data reported in the literature. The agreement between these two independent 
data sets is taken as a validation of the interpretation of the Mossbauer data in terms of the mean- 
square-amplitude-of-vibration of the metal atom in iron organometallic solids. The contribution of 
three low-frequency IR active modes of ferrocene (cun, “21^ 1022 ) to the f(T) parameter is 

discussed in detail. 

Key words: metal atom motional anisotropy, GoTdanskii-Karyagin effect, recoil-free fraction, fer- 
rocene. 



1. Introduction 

For solids of diamagnetic, primarily covalent, organometallic compounds of iron, 
a good deal of useful information can be extracted from the hyperfine interac- 
tion parameters - the isomer shift (IS) and quadrupole splitting (QS) - and their 
temperature dependencies. In addition, recent studies [I, 2] have shown that the 
dynamical properties of the metal atom, extracted from the temperature depen- 
dence of the recoil-free fraction [/(E)], and the motional anisotropy related to 
the Gol’danskii-Karyagin effect (GKE) can provide important characterization of 
the properties of organometallic solids. However, to validate the connection be- 
tween these Mossbauer effect derived parameters and those elucidated by other 
techniques, such as X-ray diffraction, NMR, infrared/Raman, and inelastic neutron 
scattering, it is worthwhile to effect a comparison between the data derived from 
several independent techniques. Such a comparison can be provided by reference 
to the temperature dependence of the recoil-free fraction data on the one hand, and 
the thermal factors (I/y) extracted from single crystal X-ray diffraction studies, and 
Raman and inelastic nuclear scattering determined density of vibrational states on 
the other. 
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Because of the centrality of ferrocene [(? 7 ^-C 5 H 5 ) 2 Fe] in the development of 
modem organometallic chemistry, as well as the complexity of the molecular-level 
architecture of this covalent solid, a good deal of X-ray diffraction data at a variety 
of different temperatures have been reported in the literature and these data are 
compared to the results obtained from temperature-dependent Mdssbauer effect 
derived data in the present study. 

2. Experimental 

Ferrocene, [(? 7 ^-(C 5 H 5 ) 2 Fe], was purified by two-fold sublimation at 50°C. Details 
of sample preparation, temperature control, spectrometer calibration, and data re- 
duction have been described earlier [3, 4]. In addition, the organometallic samples, 
ground with quartz powder and mixed with BN to ensure random crystallite orien- 
tation, were transferred to 0-ring closed plastic sample holders, with the powder 
“sandwiched” between two aluminum foils which served as thermal shields. The 
closed sample holder was again in turn sandwiched between two aluminum thermal 
radiation shields and then - in turn - edge-sealed with polymethylmethacrylate 
glue to ensure a vacuum tight enclosure. As noted earlier [3], this precaution was 
observed both to prevent sample loss (by vacuum evaporation in the cryostat, espe- 
cially at high temperatures) which would invalidate the fiT) data, and sublimation 
from one area of the sample holder to another which would influence fhe “texture 
effect” on the sample. In this study, the data for the sublimed and recrystallized 
samples have been combined to yield a more extensive data set than that reported 
earlier [3]. 



3. Results and discussion 

The results of a Mossbauer study of ferrocene purified by recrystallization from 
absolute alcohol have been reported earlier [1]. The present results, pertaining 
to the temperature dependence of the recoil-free fraction involving the sublimed 
sample, are in good agreement with those reported earlier for the recrystallized 
material. Powder X-ray diffraction data at room temperature indicate a complete 
identity between the recrystallized and sublimed solids. It is also noteworthy that 
differential scanning calorimetry of ferrocene over the range 250 to 350 K evidence 
no phase transitions in this region. 

The mean-square-amplitude of vibration (msav) of the metal atom in ferrocene 
can be extracted from the slope of the temperature dependence of the logarithm 
of the recoil-free fraction, as discussed earlier [1], and then compared to the t/,y 
data reported in single crystal X-ray diffraction studies. This comparison at various 
temperatures is summarized in Table I. Despite the complexity of the molecular and 
crystal structure of ferrocene, which evidences two phase transitions at 169 and 
~248 K, and the dependence of these stmctural details on the thermal history of 
the sample, the correlation between the X-ray diffraction results and those extracted 
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Table /. Comparison of k^{x^) values from X-ray diffraction anisotropic ther- 
mal factors and temperature-dependent Mdssbauer recoil-free fraction data for 
ferrocene 



Temp. 


X-ray 




Mossbauer 


Reference 


K 




(Sublimed) 


(EtOH Recryst.) 




101 


0.57 


0.69 


0.70 


[12] 


123 


0.71 


0.84 


0.82 


[12] 


148 


0.92 


1.00 


1.02 


[12] 


173 


1.27 


1.17 


1.19 


[13] 


293 


2.26 


1.96 


1.98 


[13] 


173 


1.44 






[14] 


298 


2.13 


1.99 


2.05 


[14] 


173 


1.49 






[15] 


298 


2.13 






[15] 


173 


1.61 






[16] 


298 


2.20 






[16] 



from the Mossbauer data is reasonably satisfactory, given the experimental errors 
in the individual experiments. This agreement infers confidence that the msav ex- 
tracted from the Mdssbauer data at other temperatures can be taken as a reliable 
measure of the metal atom dynamics in these solids. 

It is interesting to note that the temperature dependence of In / for ferrocene, 
which is summarized in terms of k^{x^) (where A. = the wavelength 

of the Mdssbauer gamma ray) in Figure 1, shows significant curvature over the 
whole temperature range 90 ^ T ^ 370 K with the slope increasing with increas- 
ing temperature. This curvature arises from the population of several relatively low 
frequency normal modes of ferrocene which have been observed both in infrared 
[5, 6] and in inelastic neutron scattering data [7]. The lowest frequency mode in- 
volving the relative motion of the Fe atom with respect to the two cyclopentadienyl 
rings was characterized as an mode at 170 cm“' by Lippincott and Nelson [5], and 
reported as mode 22 {( 1 ) 22 ) in the low temperature (80 to 180 K) IR and Raman 
data of Bodenheimer and Low [6] at 179 cm“'. Inelastic neutron scattering data 
at 28 K, and corresponding density functional calculations [7] at 30 K place this 
mode at 180 and 177 cm“^ respectively, in good agreement with the vibrational 
spectroscopy results. The next higher density of states maxima occur at 59 and 
61.3 meV (corresponding to 476 and 494 cm“^) and have been assigned [5] to 
modes a>u (A 2 «) and co 2 \ (Fi«) in the infrared spectra at room temperature. It 
should be noted that these three modes are the lowest frequency modes involving 
relative motion of the metal atom with respect to the cyclopentadienyl rings, and 
are thus most significant in accounting for the temperature dependence of f{T). 
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TEMPERATURE (K) 

Figure 1. The parameter k^{x^) for ferrocene as a function of temperature normalized to the 298 K 
data point extracted from single crystal Ujj values. The curvature at higher temperature reflects the 
increasing participation of the three modes discussed in the text. 



The solid line shown in Figure 1 is a single parameter (the rate of reduction 
with temperature of the energy of the vibrational modes, ~ —0.1% K“') fit of the 
Mdssbauer data using the relative density of states values of [8] and the energies of 
the three modes noted above. The relative DOS contributions extracted from a plot 
of DOS versus energy are 36% for the low frequency phonon modes, 13.6% for 
0)22 at 22 meV, and 49.8% for wu 21 at 59 and 61.3 meV. These contributions were 
obtained [8] on a microcrystalline powder sample at 30 K, but presumably take on 
somewhat different values at the higher temperatures of the Mdssbauer measure- 
ments. The fit was carried out in consonance with Equation 1.43 of reference [9]. 
In order to account for the k^{x^) data at higher temperatures, it has been assumed 
that the lattice softening as T increases can be adequately accounted for by a linear 
reduction in the vibrational mode energies. It is clear from these results that the 
vibrational mode softening indicated by the curvature in the f{T) data (Figure 1) 
for ferrocene - especially at the higher temperatures - arises from the increasing 
contribution of cow and 0 ) 21,22 to the mean-square-amplitude-of-vibration of the 
iron atom in this solid as the temperature is increased. 

With the validation of the interpretation of the Mdssbauer fiT) data in terms 
of a mean-square-amplitude-of-vibration of the iron atom provided by the results 
summarized in Table I and the detailed analysis of the f{T) data detailed above, 
it is clear that temperature-dependent recoil-free fraction data can provide reliable 
information concerning the metal atom dynamics in ferrocene-related materials. 
An application to the study of co-facial interactions in di-ferrocenyl complexes 
[10], and in a Z7/s(cyclopentadienyl iron) tetrahydride [11] have been reported in 
the recent literature. 
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Abstract. The influence of 200 keV Ar-ion irradiation on the interlayer coupling in the Fe/Cr multi- 
layer system exhibiting the giant magnetoresistance effect (GMR) is studied by conversion electron 
Mossbauer spectroscopy (CEMS), VSM hysteresis loops, magnetoresistivity and electric resistivity 
measurements and supplemented by the small-angle X-ray diffraction (SAXRD). The increase of Ar 
ion dose causes an increase of interface roughness, as evidenced by the increase of the Fe step-sites 
detected by CEMS as a result of which the GMR gradually decreases and vanishes at doses exceeding 
1 X 10^''^ Ar/cm^. A degradation of GMR with increasing Ar-ion dose is related to the formation of 
pinholes between Fe layers and the decrease of the antiferromagnetically coupled fraction. 

Key words: giant magnetoresistance, Fe/Cr, ion irradiation, ion-beam mixing, antiferromagnetic 
interlayer coupling, CEMS. 



Despite the fact that since the discovery of the giant magnetoresistance (GMR) 
in Fe/Cr multilayers [1] many experimental and theoretical studies have been per- 
formed on the role of interface structure on GMR, it is still not well understood. It 
was found that the increase of interface roughness may enhance GMR [2]. How- 
ever, in contrast to these results, very large GMR has been found in Fe/Cr multilay- 
ers with sharp interfaces and low residual resistivity [3]. Interface roughness can 
be affected by deposition conditions of multilayer structure, substrate temperature 
and thermal annealing (see, e.g., [4]). It was shown recently that ion irradiation 
with 500 keV Xe-ions [5] induced initial increase of GMR. However, at high ion 
doses the GMR was destroyed because the formation of the ferromagnetic coupling 
in Fe/Cr system. Also the 200 MeV Ag-ion irradiation lead to the decrease of GMR 
in Fe/Cr multilayers [6]. 

We studied the modification of the interface structure, induced by Ar-ion irradi- 
ation, in Fe/Cr system. The samples have been deposited, using the dc magnetron 
sputtering, on a SiOjt substrate and consisted of P^e(3 nm)/Cr(l.l nm)]A?. The 
total thickness of the Fe/Cr film was abouf 100 nm. Samples were irradiated af 
room femperafure wifh 200 keV Ar ions wifh doses ranging from 1 x 10^2 to 5 X 
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10'"^ Ar/cm^. The range of ions matched well the thickness of the multilayer film. 
The as-deposited and irradiated samples were characterised by the conversion elec- 
tron Mdssbauer spectroscopy (CEMS), small-angle X-ray diffraction (SAXRD) 
and VSM hysteresis loops. Magnetoresistance and resistivity were measured using 
the four probe technique in CIP geometry. 

The CEMS spectra were interpreted in terms of the model [7] which correlates 
four magnetically split spectral components with the Ee sites in the Ee/Cr system: 
H\ ~ 33 T, corresponds to the bulk Ee sites; //i ~ 30 T and ~ 24 T, correspond 
to the “step” sites at the Ee/Cr interfaces, and ~ 20 T, corresponds either to the 
“perfect” interface sites or to some other “step” positions. The origin of the Ha, 
component is controversial. As suggested recently [8] this component may corre- 
spond to the Ee sites in Cr layer separated by at least two atomic Cr monolayers 
from the Ee layer. However, it was shown earlier that Ee atoms isolated in Cr are 
paramagnetic [9]. 

Ar-ion irradiation induced clear changes in the CEMS spectra of irradiated sam- 
ples. Already at low ion doses ((5—25) x 10'^ Ar/cm^) the spectral contribution 
of the H 2 component increases substantially at the expense of the H\ component 
what suggests that the interface roughness increases (the number of Ee step-sites in- 
creases) (Eigures la-c, 2). Simultaneously the shape of the hysteresis loop changes: 
the remanence increases, the hysteresis loop becomes more rectangular and the 
saturation field decreases (Eig. 3). The decrease of GMR and simulfaneous changes 
in Eaf (anliferromagnelically coupled fraction defined as Eaf = 1 — /Hr/Ms, 




Velocity Imm/sl 

Figure 1. CEMS spectra for as-deposited (a) and irradiated Fe/Cr multilayers at indicated ion doses 
(b, c). 
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Dose |xlO'’ Ar/cra^l 

Figure 2. Relative spectral fractions of Fl\-Fl/\ components vs. ion dose. 




Magnetic field [T] 

Figure 3. The GMR and hysteresis loops for as-deposited (a', a") and irradiated Fe/Cr multilayers 
at indicated ion doses (b'-c', b"-c"). 



where Mr and M$ are the remanence and the saturation magnetization determined 
from the hysteresis loops) and saturation fields, Hs, vs. ion dose are shown in 
Figure 4. As can be seen, the GMR gradually decreases with increasing ion dose 
and vanishes at doses exceeding 1 x 10^^ Ar/cm^. Increase of ion dose causes a sig- 
nificant increase of the H 2 and H 3 components in the GEMS spectra (Figures 1, 2) 
which strongly suggests an efficient ion-beam mixing at the Fe/Cr interfaces. At the 
highest ion dose used (5 x 10'^ Ar/cm^) the mixing is sufficiently strong that almost 
entire Fe layers are consumed for the formation of FeCr alloy (Figures Ic and 2). 
A degradation of GMR with increasing Ar-ion dose is related to the significant 
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Figure 4. GMR, antiferromagnetically coupled fraction, F^p, saturation field, Fl^, and resistivity, 
R, vs. ion dose. 



increase of interface roughness. In particular, the uncorrelated part of roughness 
seems to be responsible for the formation of pinholes between Fe layers and the 
decrease of Faf and GMR [6]. Since a very low density of pinholes is sufficient 
for an almost complete degradation of antiferromagnetic coupling [10] it is very 
difficult to detect them by structural investigations (e.g., using the small angle 
X-ray diffraction). According to the model proposed by Fulghum and Camley [10], 
the presence of pinholes can be documented by the temperature dependence of 
Mr. This method was used in our previous paper in which a similar degradation of 
antiferromagnetic coupling was observed for the same Fe/Cr multilayers annealed 
in the temperature range of 373-523 K [11]. Another cause for degradation of 
GMR due to ion irradiation could be related with the consumption of Cr and Fe 
layers for ion-beam induced alloying at the interfaces. Formation of alloyed regions 
decreases the mean free path of electrons, as evidenced by the increase of resistivity 
(Figure 4) and reduces GMR. 

The most sensitive technique which reflects the change of the interface rough- 
ness is the measurement of the magnetoresistance and hysteresis loop. The GEMS 
is also quite sensitive to the interface structure. However, the SAXRD technique 
hardly detects the changes induced by ion irradiation, even at high ion doses at 
which GMR disappears, hysteresis loop shows substantial ferromagnetic coupling 
and GEMS reveals strong ion-beam mixing and alloying effect at interfaces. 
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Abstract. The temperature dependence of the local electronic and magnetic state of iron in the 
chalcogenide spinel FeCr 2 S 4 has been studied in detail around the Curie temperature with the help 
of ^^Fe Mossbauer spectroscopy. Ferrimagnetic order was found to break down anomalously at 
= 20 K below the Curie temperature in FeCr 2 S 4 . Magnetic relaxation of iron magnetic moments 
was observed with increasing relaxation rate above T = 155 K. The possible relation of magnetic 
relaxation to the effect of magnetoresistance is discussed. 

Key words: chalcogenides, magnetoresistance, Mossbauer spectroscopy. 



1. Introduction 

The discovery of colossal magnetoresistance (CMR) in manganese-based perov- 
skites has stimulated intense research on the physical bases of the CMR effect 
[1-3]. The puzzling existence of a considerable intrinsic magnetoresistance re- 
ported [4] in EeCr 2 S 4 chalcogenide spinels - that do not possess manganese, oxy- 
gen, perovskite structure, or even a metal-to-insulator transition - indicates that 
phenomena other than the double exchange effect [2] should also be considered in 
the explanation of the effect of magnetoresistance observed in these materials. 

EeCr 2 S 4 has long been known as a ferrimagnet with semiconducting like re- 
sistivity characteristics [5-15]. It has a crystal structure of a cubic normal spinel 
where Ee^'*' and Cr^+ cations occupy tetrahedrally and octahedrally coordinated 
positions, respectively [16]. The paramagnetic to ferrimagnetic transition occurs 
in the range Tq = 170-180 K [4, 5]. The recent observation of a CMR effect in 
EeCr 2 S 4 [4] initiated a reinvestigation of this compound by the means of various 
methods [17-24]. By the help of ^^Ee Mossbauer spectroscopy we investigated the 
local magnetic and electronic state of Ee^+ in EeCr 2 S 4 as a function of temperature 
in the range 75-290 K. In this article we focus our attention on the possible relation 
between the magnetic state of iron in EeCr 2 S 4 and the magnetoresistance as well as 
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the resistivity anomaly observed in this compound at temperatures in the vicinity 
of the Curie temperature [4]. The detailed analysis of the temperature dependence 
of the Mdssbauer parameters will be published elsewhere [25]. 



2. Experimental 

The FeCr 2 S 4 sample that we investigated is the same material as that for which 
macroscopic magnetization, thermopower, resistivity and CMR measurements have 
been reported by Ramirez et al. in [4] which article may be consulted for details 
of the sample preparation. ^^Fe Mdssbauer spectroscopy measurements were car- 
ried out on powdered samples in transmission geometry. During measurements the 
temperature of the sample was kept constant with a precision of AT = ±0.5 K. 
The material was first cooled down to 75 K, then measurements were performed 
by raising the temperature by =5 K between subsequent measurements. 



3. Results and discussion 

Figure 1 shows representative ^^Fe Mdssbauer spectra of FeCr 2 S 4 taken at temper- 
atures near the Curie point as well as at T = 75 K. Although the Curie temperature. 




-8 -6 -4 -2 0 2 4 6 8 
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Figure 1. Mossbauer spectrum of FeCr 2 S 4 at selected temperatures near the Curie temperature 

(Tq) and at r = 15 K. The graphs share a common velocity axis. Zero velocity corresponds to the 
isomer shift of a-iron at 290 K. 
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T[K] 

Figure 2 . The temperature dependence of the apparent quadrupole splitting of ^^Fe in FeCr2S4. The 
size of the points is representative for the uncertainty of the displayed values. The line through the 
points is a guide to the eye. 



determined by magnetization measurements, was reported to be Tq = 170 K for 
this particular sample [4], the long range magnetic order starts to break down al- 
ready at 7 r = 155 K, and the Mbssbauer spectrum taken at T = 160 K consists 
mainly of a singlet. The existence of a magnetically unsplit singlet component 
in the Mbssbauer spectrum of FeCr 2 S 4 below the Curie temperature can be ex- 
plained by the relaxation effect [26], and shows that magnetic order breaks down 
anomalously in FeCr 2 S 4 - 

The onset of the magnetic relaxation observed in the ^^Fe Mbssbauer spectra of 
FeCr 2 S 4 at T = Tr is in correlation with the temperature dependence of the coer- 
cive force [22] and anisotropy field [20], both quantities going to zero at T = Tr. 
Thus, the magnetic relaxation observed between Tr and Tq arises because the mag- 
netic moment of the iron cations can relax easily between different directions as a 
consequence of the zero anisotropy field. 

The femperafure dependence of fhe apparenf ^^Fe quadmpole splitting is shown 
in Figure 2. The quadmpole splitting decreases wifh femperafure and reaches zero 
af r = Tr where fhe magnetic relaxation sefs in. This is in accordance wifh ear- 
lier measuremenfs [10], and shows fhaf in FeCr 2 S 4 quadrupole splitting of ^^Fe 
is induced by long-range magnefic order. The observafion fhaf bofh fhe quadru- 
pole splitting and fhe magnefocrysfalline anisofropy [20, 22] goes fo zero wifh 
increasing femperafure af around T = Tr indicafes fhaf Tr is fhe femperafure where 
fhe spin-orbif coupling of Fe^'*' [7, 10] becomes weak compared fo fhe magnetic 
exchange inferacfion. 

If was recenfly poinfed ouf fhaf fhe persistence of short-range magnefic order 
above fhe Curie femperafure is indicative of fhe existence of magnefic polarons 
[24, 27]. In FeCr 2 S 4 we fesfed fhe existence of a possible short-range magnetic 
order existing above Tq by a ^^Fe Mbssbauer measuremenf (Figure 3) carried ouf 
at T = 186.5 K, by 16.5 K above the Curie temperature, in 6 T external magnetic 
field. As shown in Figure 3, // = 6 T external magnefic field is enough fo esfablish 
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V [mm/s] 

Figure 3. Mossbauer spectrum of FeCr 2 S 4 recorded atT = 186.5 K in an external magnetic 
field of // = 0 T (top) and H — 6T (bottom). The two graphs share a common velocity axis. Zero 
velocity corresponds to the isomer shift of a-iron at 290 K. 



long range magnetic order without the relaxation effect in FeCr 2 S 4 , as a result 
of which even above the Curie temperature a well-developed magnetic sextet is 
observed. 

The magnetic field displayed by the sextet equals to H = 9.89(1) T, higher than 
the applied field by around 3.89 T, which latter is the induced hyperfine field. This 
shows that at T = 186.5 K FeCr 2 S 4 is not in a pure paramagnetic state but it still 
displays a considerable antiferromagnetic exchange interaction between Fe^+ and 
Cr^+. This observation is in agreement with the existence of magnetic polarons 
above the Curie temperature in FeCr 2 S 4 [24]. 

The electrical resistivity of FeCr 2 S 4 [4, 21] displays semiconducting character- 
istics at all temperatures except in the range 150K^ T ^ 180 K where it steeply 
increases with temperature. Although the resistivity characteristics in this range 
are often interpreted as being metallic [17, 21], we propose that this range is better 
seen as a transition range between two different semiconducting states (5 fm for 
T ^ 150 K and 5 pm for T ^ 180 K), in which FeCr 2 S 4 is semiconducting at all 
temperatures. 

While the state 5 fm displays a well-developed long range magnetic order, the 
state 5pM corresponds to the paramagnetic state. The transition region between 
these two states is represented by a magnetic order that breaks down gradually 
with increasing temperature. It is this temperature range where the negative mag- 
netoresistance observed in FeCr 2 S 4 is the most pronounced [4]. 

In conclusion, the resistivity anomaly as well as the observed negative magne- 
toresistance effect in FeCr 2 S 4 can be understood in the following way. 

Below r = Tr nonzero spin-orbit coupling of Fe^+ [7, 10] results in consid- 
erable magnetic anisotropy [20] and consequent coercive force [22]. The apparent 
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Fe^+ quadrupole splitting displayed in the ^^Fe Mdssbauer spectra (Figure 2) is 
also proportional to the strength of the spin-orbit interaction. With increasing 
temperature spin-orbit coupling becomes weaker and approaches zero at around 
T = Tr. As a result, magnetic anisotropy and Fe^+ quadmpole splitting becomes 
zero at the same temperature. Due to the low level of magnetic anisotropy energy, in 
comparison with the magnetic exchange energy and the thermal energy, at 7 = Tr 
relaxation of the Fe^+ magnetic moments sets in and gets visualized in the ^^Fe 
Mdssbauer spectra for T ^ 7r (Figure 1). 

As revealed by the ^^Fe Mdssbauer measurement in external magnetic field 
(Figure 3), short range magnetic correlations exist in FeCr 2 S 4 even above the 
Curie temperature. This refers to the existence of magnetic polarons as charge 
carriers [27]. Thus, it is plausible to assume that in FeCr 2 S 4 electrical current pro- 
ceeds through the activated hopping of these quasiparticles. The activated hopping 
type conduction process results in the semiconducting resistivity characteristics. 
At the same time, the effective activation energy of hopping of a magnetic polaron 
is expected to be influenced by the degree of magnetic order. Namely, with in- 
creasing magnetic disorder the probability of hopping is reduced, and the effective 
activation energy of the hopping of magnetic polarons is expected to increase. This 
explains why electrical resistivity starts to increase with increasing temperature at 
7 = 7 r where magnetic order starts to break down. The increase of electrical 
resistivity with increasing temperature continues until the level of magnetic disor- 
der reaches a critical (near maximum) value around 7 = 7c. A further increase 
in temperature results in decreasing electrical resistivity due to the increase in 
thermal energy. In the transition region 150 K ^ 7 ^ 180 K the application of 
an external magnetic field can recover long range magnetic order, thereby reducing 
the activation energy of hopping of magnetic polarons. As a consequence, electrical 
resistivity is reduced and negative magnetoresistance is realized as observed [4]. 
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Abstract. We present a ^^Fe Mossbauer study of the Sr2_j;CaxFeRe06 double perovskite series, 
with X = 0, 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0. The analysis at 300 and 16 K shows iron in three 
different metal neighbour environments, due to the misplacement of Fe and Re ions (antisite defects). 
Judging from the isomer shift and hyperfine magnetic field values, iron ions on the perfect ordered 
structure show intermediate valence state (between Fe^"*“ and Fe^“*“), with an effective electronic 
configuration where y decreases from 0.3 to 0.2 as x increases from 0 to 2. Changes in 

quadrupole shift values for x ^ 1.0 confirm the cubic to monoclinic structural transition observed in 
these compounds. 

Key words: Mossbauer spectroscopy, double perovskites. 



1. Introduction 

The half metallic ferrimagnetic double perovskites Sr 2 EeReOe and Sr2EeMo06 
show quite good low field magnetoresistive properties at room temperature (RT), 
and their Curie temperatures (Tq) exceed significantly those of the magnetoresis- 
tive manganite perovskites [1, 2]. These materials have potential for novel spin 
electronic and magnetic sensor device applications [3]. The Tq = 405 K of 
Sr 2 EeRe 06 can increase by substitution of Sr^+ by Ca^+ to the maximum value of 
Tq = 540 K for Ca2EeRe06 [4]. However the crystal structure of Sr2_;cCa^EeRe06 
reduces from cubic to monoclinic, and the conductivity from metallic to non- 
metallic as x increases from 0 to 2 [4]. Ee and Re ions occupy the octahedral 
0-coordinated B and B'-sites of the A 2 BB'Oe double perovskite structure. Hy- 
bridisation of only the ].t 2 g Ee 3d and Re 5d with the O 2p electronic states 
at the Eermi level is responsible for the half metallic properties of Sr 2 EeReOe 
[1]. Investigation of the characteristics of Ee ions is of great importance to the 
understanding of the mechanisms that are responsible for the magnetic, struc- 
tural, electronic and magneto-transport properties of these compounds. Here the 
properties of iron ions in the series Sr 2 _xCa;cEeRe 06 are investigated using ^^Ee 
Mossbauer spectroscopy. 
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2. Experimental 

Bulk polycrystalline Sr2_;cCa^FeRe06 (x = 0, 0.1, 0.2, 0.5, 1.0, 1.5, 2) samples 
were prepared by solid-state reaction following the method used in [4, 5]. Mdss- 
bauer spectra (MS) were collected in transmission geometry at temperatures of 
300 and 16 K using a constant acceleration mode spectrometer, equipped with 
a ^^Co(Rh) source kept at RT, and an APD (DMX-20) closed-loop He cryostat. 
Calibration of the spectrometer was done using a-Fe, and all isomer shift (IS) 
values are given relative to a-Fe at RT. 



3. Results and discussion 

3.1. MOSSBAUER SPECTROSCOPY 

Representative MS of the Sr2_j;Ca;cFeRe06 samples for x = 0, 0.5, 1.0, 1.5 and 2 
collected at 300 and 16 K are shown in Figures 1(a) and (b), respectively. All MS 
show well-resolved magnetic split spectral lines at both temperatures. However, 
a broadening of the outer spectral lines is evident for all spectra both at 300 and 
1 6 K. A set of three components was used to fit the spectra for each compound at 
both temperatures. This set of components for all spectra is composed of a “main” 
component, which has the largest absorption area (A), a “secondary” component 
with lower absorption area relative to the main, and a third “minor” component, 
which has the lowest absorption area of all. The values of the hyperfine parameters 
resulting from the fits at 300 and 16 K vary with x. In Figure 2 the x variation 
of IS, quadrupole shift (2s), hyperfine magnefic field (Bhf)^ and A found af 16 K 
is shown. As can be seen from fhis figure fhe main componenf has fhe highesf 
and fhe minor componenf has fhe lowesf IS value for each compound, while fhe 
highesf Bhf value corresponds fo fhe minor componenf and fhe lowesf fo fhe main 
componenf for each specfrum. The secondary componenf has infermediafe IS and 
Bhf values, closer however fo fhe corresponding values of fhe main componenf for 
each compound. Similar behaviour is observed for fhe corresponding values of fhe 
300 K specfra. 

If is known fhaf in fhe ideal A2BB'06 double perovskife crysfal sfrucfure Fe 
and Re ions alfemafe in fhe non-equivalenf B and B'-sifes respectively, creating 
a NaCl-fype supersfrucfure [1, 6]. However, misplacemenfs where a Fe ion lakes 
fhe place of a Re ion on a B'-sife and vice-versa, where a Re ion lakes fhe place 
of a Fe ion on a B-sile, can occur in fhe sfrucfure. These defecls are known as 
anlisile defecls [7, 8]. Consequenlly nol all iron ions experience fhe same firsl 
cation neighbour environmenl. Iron in fhe perfecl NaCl-fype supersfrucfure has a 
lolal of six rhenium firsl cation neighbours al fhe B'-siles. However, fhe misplaced 
iron ions al fhe B'-siles have a lolal of six iron ions al fhe neighbouring B-siles, 
while Ihese Iasi six iron ions experience an environmenl of five rhenium and one 
iron ions al Iheir neighbouring B'-siles. Thus if fhe concenlralion of anlisile defecls 
(p) is relatively low (<6%), only fhe iron ions wilh fhe Ihree differenl calionic 
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Figure 1. Mijssbauer spectra of the Sr 2 _;(Caj;FeRe 05 compounds collected at 300 K (a) and 16 K 
(b). The continuous lines are best fits to the experimental data. 



environments mentioned above are expected to be present in appreciable numbers 
on the structure of these compounds. These three different kinds of iron ions appear 
as different components of the Mdssbauer spectra due to the influence of their 
different environment on their hyperfine parameters. 

The IS value of the main component is always slightly higher than the value 
of the secondary component for all compounds. Both are intermediate between 
the characteristic values found for octahedraly coordinated Fe^+ and Fe^+ ions in 
oxides [9, 10]. However, the IS values of the minor component for all compounds 
correspond to a pure ferric state (see Figure 2(a)). As in the case of other iron-based 
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Figure 2. Variation with x of the Mossbauer parameters for the Sr 2 _;tCavFeRe 05 compounds as resulted from the fits of the spectra collected at 16 K, 
(a) isomer shift, (b) quadrupole shift, (c) hyperfine magnetic field, and (d) relative absorption area. The points denote the three components used to fit each 
spectrum (see text); squares: main, circles: secondary, triangles: minor. Error bars for the Mossbauer parameters are included for each value. The right y axis 
in Figure 2(a) scales the electronic configuration of iron ions. 
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double perovskite compounds [7, 8, 11, 12], we attribute the main components 
off all spectra to iron ions in the perfect NaCl-type superstructure. The secondary 
components are attributed to iron ions with a total of five rhenium and one iron 
first cation neighbours, and the minor components are attributed to iron ions with a 
total of six iron first cation neighbours. The intermediate valence state observed for 
the main and secondary components results from the additional electronic charge 
density for these ions, introduced by the hybridisation between the |Fe 3d (t 2 g) 
and Re 5d (t 2 g) electronic states [1]. The slight increase in the valence state of the 
secondary components comes from the reduction of this hybridisation due to the 
presence of one iron as first cation neighbour. The minor components show ferric 
character due to the absence of any hybridisation between the electronic states of 
iron and rhenium ions. 

Figure 2 shows the IS of the main and secondary components to decrease only 
slightly for 0 < X < 1 .0 and more profoundly for x ^ 1 .0. However, the IS values 
of the minor components show no change with x variation. The values of 2e of 
the main and secondary components are close to zero and show no appreciable 
variation for 0 < x < 1.0 but a further increase on their absolute values is shown 
for X ^ 1 .0. The minor components show the highest absolute 2s values for each 
compound because the misplaced iron ions experience a more distorted octahe- 
dral oxygen environment, due to the presence of six iron first cation neighbours. 
However these values are also increased further for x ^ 1.0. The values of 
all components increase with x, but the increase is continuous for this parameter. 
Finally the values of A are nearly independent of x for all components. 

The reduction of the IS values for the main and secondary components for 
X ^ 1.0 suggests a corresponding relative decrease in the hybridisation of the 
],Fe 3d (t 2 g) and Re 5d (t 2 g) electronic states. Since this hybridisation relates to the 
conduction mechanism in these compounds [1], its reduction should have an effect 
on the conducting properties, and indeed an increase in the resistivity has been ob- 
served when the x value increases, as the materials Sr 2 _jcCaxFeRe 06 from metallic 
(x = 0) become non-metallic (x = 2) [4]. However the main and secondary 
components for x = 2 do not show the same pure ionic Fe^'*' character as the 
third component in this compound. This could be due to the presence of additional 
electronic charge density on these iron ions, which comes from a different kind 
of electronic state admixture between the ],Fe 3d (Cg) and Re 5d (eg) states as 
recently proposed by Wu [13]. Using the IS values of the main components and the 
limiting IS values of 0.52 mm/s and 1.20 mm/s for 3d^'^ and 3d^'^ configurations, 
respectively [9-12], we can estimate the effective electronic configuration, which 
for the iron ions on the perfect ordered structure reduces from to as x 
increases from 0 to 2. This is shown in Figure 2(a). 

A crystal structure transition from cubic to monoclinic occurs for x > 1.0 [4]. 
The enhanced absolute 2s values of all components for x ^ 1.0 are indicative 
of this structural transition. The parallel change on the IS and 2s values for x ^ 
1 .0 suggests that the structural transition should be related to the change of the 
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electronic configuration and to the conductivity reduction. Ca^+ ions have much 
smaller ionic radius than Sr^+ ions, and on increasing the Ca^+ concentration the 
structural transition occurs, which effects the electronic and transport properties of 
these compounds [14, 15]. 

The Bhf values increase with increasing Ca^+ concentration but they do not 
show an abrupt change for v ^ 1 .0. This increase reflects an enhancement on the 
strength of the magnetic interactions between the magnetic Fe and Re ions as Ca^+ 
concentration increases, which is further confirmed by the linear increase of the Tq 
values with x [4]. 
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Abstract. Surface and bulk crystallization of Fe 5 iCo 2 iNb 3 Bi 5 alloy has been studied. Crystal- 
lization (surface and bulk) of specimens starts after annealing at 400° C. Differences in crystalline 
fraction, order in crystalline phase and environment around Fe-atom are observed at the surface and 
in the bulk. Crystalline component appearance (both at the surface and in the bulk) after annealing at 
480° C is attributed to Fe 3 Co. 

Key words: miniaturized Mdssbauer spectrometer, XRD, DSC, nano-crystalline alloys. 



1. Introduction 

Nanocrystalline soft magnetic materials produced by devitrification of amorphous 
ribbons consisting of extremely fine crystalline grains (~10 nm) embedded in a 
residual amorphous matrix [1], have received much attention in last few years. It 
has been shown that the random orientation of grains and the tiny grain size results 
in substantial reduction of magnetocrystalline anisotropy, leading to extremely soft 
magnetic material [2]. In these materials, contrary to conventional granular mate- 
rials, the matrix is magnetic and its properties can be changed by increasing the 
annealing temperature of the parent alloy. In transition metal metalloid metallic 
glasses it is shown that small amount of Nb helps in inhibiting the grain growth, 
resulting in nano-crystallization. Crystallization is generally found to start from the 
surface. Lower stability of the surface against crystallization may be attributed to 
several factors [3], e.g. a change in the surface composition due to oxidation or 
surface segregation; a faster atomic transport at the surface [4]. In addition, the 
oxygen content may stabilize a number of crystalline phases, thus increasing the 
driving force for crystallization [4]. In magnetic specimens, internal stresses gen- 
erated by surface crystallization may drastically modify their bulk magnetic prop- 

* On leave from: School of Physics, D.A. University, Khandwa road Campus, Indore-452017, 
India. 

** On leave from: Space Research Institute, Profsouznaya Str. 84/32, Moscow, Russia. 
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erties [5]. Thus, from the point of view of application, understanding the surface 
crystallization is of great importance. Influence of the composition on magnetic, 
magnetoelastic properties as well as crystallization behaviour of CojfFeg 4 _;cNb 7 B 9 
has been studied previously [6-9]. Up to now only few works have been devoted 
to the comparison of surface and bulk crystallization behaviour [10-13]. Mdss- 
bauer spectroscopy (in transmission and backscattering geometry) is very suitable 
technique to study nanocrystalline alloys yielding information about structural and 
magnetic arrangement [14]. In the present work, for the first time we have used 
Miniaturized Mdssbauer spectrometer ‘MIMOS IV [15] to study change occurring 
on the surface due to surface crystallization. The spectrometer ‘MIMOS IV [15] 
operates in backscattering geometry measuring the scattered 14.41 keV Mdss- 
bauer radiation and the 6.4 keV Fe X-rays. The backscattered 6.4 keV Fe X-rays 
penetrate (~ few tens of nm) at the very surface of the sample, providing infor- 
mation about change occurring at the surface and hence can be used effectively to 
monitor crystallization occurring at the surface. Thus, combining transmission and 
backscattering Mdssbauer measurements, one can obtain information about bulk 
and surface crystallization. 

Objective of the present work is to study the surface and bulk crystallization of 
Fe 6 iCo 2 iNb 3 Bi 5 alloys as a function of annealing temperature. 

2. Experimental details 

Amorphous ribbons of nominal composition Fe 6 iCo 2 iNb 3 Bi 5 , 10 mm wide and 
about 20 /xm thick, prepared by planar flow casting method, were obtained from the 
Slovak Academy of Sciences, Bratislava. To get various stages of crystallization, 
the samples were annealed isochronally in Ar-atmosphere for 1 hour between 350- 
480°C. Differential Scanning Calorimetery (DSC) measurements were done at a 
heating rate of 20 K/minute, to get the crystallization temperature. X-ray diffrac- 
tion (XRD) measurements were done using Cu-Kq, radiation. Mdssbauer spectra 
(transmission and backscattered) were recorded at room temperature in constant 
acceleration mode using ^^Co:Rh source. Transmission spectra were recorded us- 
ing conventional spectrometer, while backscattered spectra from shiny side of rib- 
bons were recorded using miniaturized Mdssbauer spectrometer ‘MIMOS IV [15]. 
Backscattered and transmission Mdssbauer spectra consisting of amorphous and 
crystalline components were fitted assuming a distribution of hyperfine fields. 



3. Results and discussions 

First crystallization temperature obtained from DSC measurement is 421°C. The 
as-quenched specimen was X-ray amorphous. The diffractograms taken from wheel 
side showed a small sharp peak near the (200) reflections of a-Fe, which dis- 
appeared after a short etching in diluted HNO 3 . This indicates the presence of 
some crystalline phase in a very thin surface layer on the wheel side of the rib- 
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Figure 1. Room temperature transmission (a)-(b) and backscattering (corresponding to 6 keV Fe 
X-ray) (c)-(d) Mbssbauer spectra and corresponding hyperfine field distributions of the as-prepared 
and annealed (for 1 hour at indicated temperatures) Fe 6 iCo 2 iNb 3 Bi 5 specimens. 
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bon. Crystallization of the specimens starts at 400° C and the XRD patterns of the 
samples annealed between 400^80°C for one hour show the coexistence of a bcc 
crystalline phase and a residual amorphous phase. The mean grain size of the bcc 
crystalline phase was evaluated by Scherrer’s equation from the half width of the 
(110) reflection peak. Mean grain size for specimens annealed at 400, 450 and 
450°C is respectively 26.9, 29.5 and 33.3 nm. 

Mbssbauer spectra and corresponding hyperfine field distribution for surface 
and bulk for the studied specimens are shown in Figures l(a)-(b) and (c)-(d), 
respectively. In accordance with XRD measurements, Mbssbauer results also show 
that crystallization (both surface and bulk) starts after annealing at 400°C. Mbss- 
bauer spectra of these specimens consist of a crystalline (bcc-Fe-Co alloy) and 
an amorphous components, and are fitted well with a single crystalline and a sin- 
gle amorphous component, assuming the distribution of hyperfine fields for both 
components. Perusal of Figure 1 shows that hyperfine field distribution of amor- 
phous component (both for surface and bulk) is broad, while that of crystalline 
component, it is sharp. This behaviour is typical for amorphous and crystalline 
components. 

Figure 2(a) shows the variation of crystalline fraction (expressed in %) for sur- 
face and bulk (obtained from the fitting of Mbssbauer spectra) of the crystallized 
specimens with annealing temperature. Perusal of Figure 2(a) shows variation in 
crystalline fraction at the surface and in the bulk of the specimen. Surface initially 
shows higher crystalline fraction compared to the bulk of the specimen, suggesting 
that crystallization starts from surface and proceeds to the bulk of the specimen. 
That fact is in agreement with earlier work [16]. At higher annealing temperature, 
crystallization in the bulk of the specimen supercedes the surface crystallization. 
Variation of fractional width of distribution AH /(H) (for crystalline component) 
with annealing temperature is shown in Figure 2(b). The fractional width of the 
hyperfine field distribution AH /(H) (AH being the standart deviation and (H) the 




Figure 2 . Variation of crystalline fraction (a) and fractional width of distribution (b) of 
Fe5iCo2iNb3B]5 for surface and bulk of the specimen with annealing temperature. 
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average value of the hyperfine field) is a measure of the degree of disorder in the 
specimen. Decrease of AH /{H) with increase in annealing temperature suggests 
the ordering of crystalline phase. Here also one can observe (from the values of 
AH /(H)) that surface shows lower ordering than of surface then bulk. In case of 
as-cast specimen, AH/(H) for surface and bulk is respectively 0.198 and 0.194, 
suggesting differences in disorder even in as-cast state. Intensity of second and fifth 
lines relative to innermost lines of the Mossbauer spectrum ‘b’ is a measure of spin 
texture in the specimen. In absence of stresses in the specimen, the atomic spins 
are expected to remain in the ribbon plane due to shape anisotropy, thus making ‘b’ 
to have value 4. On the other hand, for a completely random spin alignment, ‘b’ is 
expected to be equal to 2. In case of as-cast specimen, value of ‘b’ for surface and 
bulk is respectively 2.78 and 2.89, suggesting that atomic spins are preferentially 
aligned in the ribbon plane, which is in accordance with usual situation [17]. 

Figures 3(a) and (b) respectively shows the variation of average hyperfine field 
(H) of crystalline and amorphous phase (surface and bulk) with annealing temper- 
ature. Perusal of Figure 3(a) shows that (H) (for crystalline component) slightly 
increases with increase in annealing temperature. This variation in the hyperfine 
field with annealing temperature may be attributed to a variation in the composition 
of the alloy [18]. After annealing at 480°C the (H) of the crystalline component is 
~ 35.8 T, which is close to that of Fe 3 Co, suggesting that crystalline component 
formed (both at the surface and in the bulk of the specimen) after this annealing 
treatment is FesCo. Perusal of Figure 3(b) shows that (H) (amorphous component) 
decreases with increase in annealing temperature. This observed decrease in (//) 
could be attributed to the Nb near neighbours of Fe, causing iron magnetic moment 
to decrease, thus resulting in a lower hyperfine field. One can also see that (H) has 
slightly lower values for bulk than surface. Variation of (H) gives indirect evidence 
of some changes in environment around Fe-atom at surface and the bulk. 




Figure 3 . Variation of average hyperfine field of crystalline (a) and amorphous (b) phases (for surface 
and bulk) of Fegj C021 Nb3B 15 with annealing temperature. 
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4. Conclusions 

XRD and Mossbauer spectroscopy has been used to study surface and bulk crystal- 
lization of Fe 6 iCo 2 iNb 3 Bi 5 alloy. Both XRD and Mossbauer measurements show 
that crystallization (surface and bulk) of specimen starts after annealing of speci- 
mens at 400° C. Crystallization starts from surface and proceeds to the bulk of the 
specimen. Present studies also give indirect evidence of some changes in environ- 
ment around Fe-atom at surface and the bulk. Annealing of specimen at 480°C 
leads to the formation of Fe 3 Co phase at surface and bulk of the specimen. 
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Abstract. Horse spleen apoferritin was reconstituted with varying numbers of iron atoms per protein 
shell at 25 and 50°C. Samples with mean particle sizes ranging from approximately 20 to 1100 iron 
atoms per particle were synthesised. Transmission electron microscopy combined with elemental 
analysis and protein assays indicated a characteristic iron density for the iron(III) oxyhydroxide of 
6.4 ± 0.6 iron atoms per nm^ thus suggesting a maximum possible loading per ferritin shell of 
1700 ± 200 iron atoms. Room temperature Mdssbauer spectra of the iron(III) oxyhydroxide particles 
formed within the ferritin protein shells were doublets with slightly larger quadrupole splittings when 
precipitated at 25° C compared with those precipitated at 50° C. The quadrupole splittings were not 
significantly correlated with the number of iron atoms per protein shell although the general trend 
was for smaller particles to have larger quadrupole splittings. A very small but statistically significant 
increase in the centre shift of the Mossbauer spectra with increasing particle size was observed. These 
results, taken together with results from other studies, indicate that reconstituted ferritin cores are 
highly disordered and low density when compared with those found in native horse spleen ferritin. 
The results also indicate that raising the temperature of reconstitution increases the structural order 
within the particles slightly but that increasing the number of iron atoms per ferritin molecule above 
300 has little influence on the apparent overall structural order. 

Key words: ferritin, iron, Mdssbauer spectroscopy, ferrihydrite. 



1. Introduction 

The ferritins are a family of proteins with a common ultrastructure [1]. They consist 
of 24 polypeptide chains assembled into 12 dimers which in turn assemble to form 
an approximately spherical shell-like structure. The outer diameter of the shell 
is approximately 12 nm while the inner cavity has a diameter of approximately 
8 nm. In many biological systems ferritin is used as an iron storage/homeostasis 
protein. Iron is stored in the central cavity of the protein in the form of a hydrated 
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iron(III) oxyhydroxide associated with varying concentrations of inorganic phos- 
phate depending on the biological source of the protein [2]. Most commonly, the 
mineral core of ferritin has a structure based on that of the mineral ferrihydrite 
( 5 Fe 203 • 9 H 2 O). However, the degree of crystallinity and size of the mineral cores 
vary depending on the source of the protein [2^]. The size and structure of the 
nanoscale mineral cores of ferritin are likely to determine their reactivity and hence 
biological role. For example, larger particles will have a lower surface area per iron 
atom thus reducing the number of reaction sites per iron atom, while a lower degree 
of crystallinity probably results in less tightly bound iron ions hence increasing 
reactivity. The presence of phosphate in the mineral core can lead to a stronger 
binding of iron [5,6]. 

In order to enable more systematic studies of the chemical properties of ferritin 
mineral cores, it is advantageous to prepare synthetic mineral cores by precipi- 
tating iron(III) oxyhydroxide within the protein shells of apoferritin. In this way 
the number of iron atoms per protein shell and the number of phosphate ions 
per protein shell can be controlled allowing studies of the effect of particle size 
and phosphate content on the properties of ferritin [7-9]. It has also been shown 
that the temperature of the solution during the precipitation process has an effect 
on the structure of the resulting mineral cores with higher temperatures yielding 
more crystalline particles [8]. Here we further investigate the effect of reaction 
temperature on the structure of the mineral cores of ferritin reconstituted in vitro. 
Mdssbauer spectroscopy is used to gain information on the structural character- 
istics of mineral cores with varying numbers of iron atoms precipitated at two 
different temperatures. 

2. Materials and methods 

Horse spleen apoferritin in 0.1 M sodium acetate buffer (pH 5.3; Sigma®) was 
utilized throughout this study. Before use, apoferritin was treated by dialysis at 
4°C against 10 mM EDTA to remove any excess metal atoms in the solution 
followed by dialysis against appropriate buffer at pH7.5 (0.1 M MOPS: 3-[N- 
morpholino]propane-sulfonic acid; Sigma®). After dialysis, the sample was filtered 
through a 0.22 /xm Millex-GS sterile filter. All chemicals were analytical grade. All 
glassware was acid-washed and sterilized. 

The concentration of apoferritin was firstly determined by using UV/visible 
spectrophotometry at 280 nm following methods described elsewhere [10]. 
A Hewlett Packard 8450A UVA^IS spectrophotometer was used for these mea- 
surements. 

2.1. RECONSTITUTION OF FERRITIN WITH IRON 

Apoferritin (1 mg/ml) in MOPS buffer (0.1 M, pH 7.5) was reconstituted by ad- 
ditions of 10 mM FeS 04 solution to give theoretical loadings of 50, 100, 500, 
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1000, 1500 and 2000 iron atoms per molecule at 25 and 50°C. Both the apoferritin 
solutions and the Fe(ll) solutions were placed in a water-bath for preheating before 
the addition of Fe(ll) solution. The reaction was carried out in a stepwise fashion 
by loading 50 iron atoms per molecule of protein every hour. The Fe(ll) solution 
was added dropwise to apoferritin gently and slowly. After each addition of 500 
iron atoms per molecule of protein, the ferritin solution was kept at the same 
temperature for 12 hours before further addition of iron. 

After reconstitution with iron, each ferritin solution was filtered with a 0.45 /xm 
membrane and was then concentrated with the buffer being replaced with distilled 
water using an ultrafiltration cell (Amicon Inc.). Finally, the reconstituted ferritin 
in water was filtered again with a 0.22 /xm Millex-GS sterile syringe filter. Drops of 
the solution were then prepared for transmission electron microscopy (TEM) study 
with the remainder being freeze-dried for iron content analysis using atomic ab- 
sorption spectrometry (AA Spectrometer, Spectra AA-40, Varian) and Mdssbauer 
spectroscopic studies. 

In addition, reference samples of “2-line” and “6-line” ferrihydrite were pre- 
pared following the procedures of Schwertmann and Cornell [11]. These synthetic 
minerals are so named because of the number of powder diffraction “lines” they 
exhibit. 

2.2. TRANSMISSION ELECTRON MICROSCOPY 

The morphology and size of the mineral cores of the reconstituted ferritins were 
studied using a transmission electron microscope operated at 80 keV. Drops of each 
of the ferritin samples diluted to about 0.5 mg/ml were allowed to dry onto formvar 
coated electron microscope copper grids. The grids were air-dried. 

The particle sizes of the reconstituted ferritins were measured by using vernier 
callipers on enlargements of transmission electron micrographs. The largest di- 
mension of each electron dense core was recorded. At least 146 particles were 
measured for each sample. For some samples it was possible to measure approx- 
imately two or three hundred particles. Catalase crystals (Alltech®) which have 
lattice spacings of 8.75 nm and 6.85 nm, were used to calibrate the magnification 
of the TEM. Particle volume distributions were calculated from the particle size 
distributions by assuming spherical shapes for the particles and taking the particle 
size measurement to represent the diameter of each particle. 

2.3. MOSSBAUER SPECTROSCOPY 

Each freeze-dried reconstituted ferritin sample and synthetic ferrihydrite was 
mounted in 10 mm diameter perspex sample holders. Synthetic ferrihydrite sam- 
ples were diluted with a small amount of sucrose. The amount of sample was 
adjusted according to the iron content in each sample, so that the intensity of the 
14.4 keV y-rays was attenuated by a factor of approximately 1/e by the sample 
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wherever possible. Mossbauer spectra were recorded at room temperature using 
a ^^Co in Rh foil source mounted on a constant acceleration drive operated with 
a double-ramp wave-form. The velocity range of ±4 mm/s, was calibrated with 
respect to the spectrum of an iron metal foil, the centre of the pattern being taken 
as zero velocity. Spectra were folded to eliminate the parabolic background formed 
by the variation of solid angle between source and detector. The folded spectra 
consist of 250 channels with approximately 1 x 10^ counts per channel. Spectra 
were fitted with distributions of doublets of Lorentzian peaks using the method of 
Rancourt and Ping [12]. The underlying Lorentzian peaks were constrained to have 
linewidths of 0.184 mm/s. All other parameters were allowed to vary freely. 



3. Results 

On addition of the Fe(II) solutions to the apoferritin solutions, the resulting solution 
was found to be clear with a reddish brown colour. No precipitation was observed 
to occur for loadings of 1500 iron atoms per ferritin shell or less at 25°C and for 
loadings of 1000 Fe atoms per shell or less at 50°C. At 2000 iron atoms per shell 
at 25°C and 1500 iron atoms per shell at 50°C, there was evidence for a small 
amount of precipitation in the resulting solutions. These precipitates were removed 
during the subsequent filtration phase of preparation. At higher iron loadings and 
especially at 50°C, precipitation was very evident indicating precipitation of iron 
external to the protein shells. Figure 1 shows the relationship between the nominal 




Nominal Fe atoms per ferritin sheii 

Figure 1. Graph showing relationship between the nominal number of iron atoms per ferritin shell as 
determined by the preparation method and the number of iron atoms per ferritin shell as measured by 
atomic absorption spectroscopy of acid digested freeze dried reconstituted ferritin. Squares indicate 
samples reconstituted at 50°C and circles indicate samples reconstituted at 25°C. The two data points 
marked with a “p” correspond to preparations where a small amount of precipitation was seen during 
the reconstitution procedure. The solid line is a straight line fit through the origin to the data points 
for which no precipitation was seen (gradient = 0.71 ± 0.02). Note that there is both a 50 and 25°C 
datum point for nominal loadings of 1000 iron atoms per ferritin shell. 
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number of iron atoms added per protein shell and the number of iron atoms per 
protein shell deduced from elemental analysis of the iron content of the freeze 
dried reconstituted ferritins. There is a good linear correlation between the two 
measures for all samples for which no precipitation was observed. The gradient 
of the straight line through the origin is 0.71 ± 0.02 which is less than the ideal 
value of 1. For the two samples that showed a small amount of precipitation during 
preparation, the ratios of numbers of iron atoms per shell measured for the freeze 
dried material to the nominal number of iron atoms per shell fall below 0.71. 

Examples of transmission electron micrographs of the ferritins reconstituted at 
25 and 50°C are shown in Figure 2. The morphology of the particles appears to be 
slightly irregular with the particles precipitated at 50°C perhaps having a slightly 
greater degree of irregularity in shape. 

The relationship between the number of iron atoms per shell measured for the 
freeze dried material and the mean particle volume measured by TEM is shown in 
Figure 3. There appears to be a linear correlation between the two with the linear 
gradient being 6.4 ± 0.6 iron atoms per nm^. 




Figure 2. Transmission electron micrographs of ferritin mineral cores reconstituted with a nominal 
1500 iron atoms per ferritin shell at {top) 25°C and (bottom) 50°C. Scale bars are 20 nm. 
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Mean particle volume (nm^) 

Figure 3. Graph showing the relationship between number of iron atoms per ferritin shell mea- 
sured by atomic absorption spectrometry of freeze dried samples and mean mineral particle volume 
measured from transmission electron microscopy images. Square data points correspond to 50°C 
preparations and circles to 25° C preparations. The solid line is a straight line through the origin 
fitted to the data (gradient = 6.4 ± 0.6 iron atoms per nm^). 




Velocity (mm/s) 

Figure 4. Example Mbssbauer spectra of freeze-dried reconstituted ferritins at room temperature, 
(a) Ferritin reconstituted at 25°C with a measured number of iron atoms per shell of 20. (b) Ferritin 
reconstituted at 25°C with a measured number of iron atoms per shell of 1100. The solid lines are 
fits of Voigt profiles to the data. 
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Measured Fe atoms per shell 

Figure 5. (a) Mean centre shift of Mijssbauer spectra vs measured number of iron atoms per ferritin 
shell, (b) Mean quadrupole splitting vs measured number of iron atoms per ferritin shell. Squares 
indicate data from 50°C preparations, circles indicate 25°C preparations. 



Examples of the Mossbauer spectra obtained from the freeze dried reconsti- 
tuted ferritin samples at room temperature are shown in Figure 4. The spectra 
consist of a doublet of broad absorption peaks. The spectra were not well fitted 
with Lorentzian peaks. Hence the spectra were fitted with a Gaussian distribution 
of Lorentzian peaks using the method of Rancourt and Ping [12]. A significant 
{p = 0.03) positive Spearman rank order correlation was found between the mean 
centre shift and measured number of iron atoms per protein shell (Figure 5(a)). 
However, the magnitude of the changes in centre shift with protein iron loading are 
extremely small. Variations in quadrupole splitting for the reconstituted ferritins 
were somewhat larger. Although no statistically significant correlation was found 
between quadmpole splitting and protein iron loading, the trend showed a generally 
decreasing quadrupole splitting with increasing iron loading (Figure 5(b)). It was 
found that the samples prepared at 25°C have consistently larger mean quadrupole 
splittings than the corresponding samples prepared at 50°C. Furthermore, a high 
degree of correlation was found between the mean quadrupole splitting values 
measured for samples resulting from identical preparation conditions but at 25 and 
50°C (Figure 6). No significant correlations were found between the width of the 
quadrupole splitting distribution and protein iron loading. 

Mossbauer spectra of the samples of “2-line” and “6-line” ferrihydrite gave 
mean centre shifts of 0.339 ± 0.002 and 0.346 ± 0.002 mm/s, respectively, and 
mean quadmpole splittings of 0.721 ±0.005 and 0.664 ±0.005 mm/s, respectively. 
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Mean quad splitting for 25C prep (mm/s) 

Figure 6. Graph showing relationship between the mean quadrupole splittings measured for ferritins 
reconstituted at the two different temperatures of 50 and 25° C. Each datum point represents a pair of 
samples (one prepared at 50° C and the other at 25° C). The labels by each datum point indicate the 
nominal number of iron atoms per ferritin shell used in each preparation. For each pair of samples, 
preparation conditions were identical apart from the temperature. The solid line is a straight line fit 
to the data. The dashed line is a straight line through the origin with a gradient of 1 . 



4. Discussion 

The reddish brown colour that appears in the resulting solutions on addition of 
Fe(II) solution to apoferritin solution indicates the oxidation of the Fe(II) to Fe(III). 
The lack of bulk precipitation is an indication that the iron has been oxidised within 
the aqueous soluble ferritin protein shells. The appearance of discrete particles 
rather than agglomerations of particles in the TEM images of the dried solutions 
is consistent with the controlled precipitation of iron(III) oxyhydroxide within the 
protein shells. The discrepancy between the iron to protein ratios obtained from 
measurement of the protein concentration with spectrophotometry and those ob- 
tained from elemental analysis of the iron content of the freeze dried samples is 
systematic (Figure 1). The major contribution to the systematic error most likely 
arises from the calibration of the spectrophotometer since the specific absorption 
coefficients for apoferritin quoted in the literature vary greatly. As such, the iron 
to protein ratio measured for the freeze dried protein using atomic absorption 
spectrometry is probably the more reliable measure. 

The particle size distributions measured by transmission electron microscopy 
indicate maximum particle sizes of approximately 8 nm. This observed maximum 
limit for the particle size is consistent with the known dimensions of horse spleen 
apoferritin. The relationship between mean particle volume and measured iron to 
protein ratio suggests a density of 6.4 ± 0.6 iron atoms per nm^ for the mineral 
particles. Taking the internal diameter of horse spleen apoferritin to be 8 nm, these 
data imply a maximum possible iron loading per protein shell of 1700 ± 200 iron 
atoms. Native horse spleen ferritin is known to have average iron loadings of up to 
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3000 Fe atoms per protein shell [4] implying that the density of the iron oxyhydrox- 
ide mineral in the native protein is somewhat greater than that for the reconstituted 
mineral particles in this study. The higher density in the native protein may reflect 
the slower rate of iron uptake under physiological conditions. 

The non-Lorentzian lineshape of the Mdssbauer spectra for the reconstituted 
ferritins is most probably due to (i) the semi-disordered nature of ferrihydrite and 
(ii) the large fraction of iron atoms at the surfaces of the particles. The fact that the 
spectra were recorded at room temperature means that the samples are at temper- 
atures much greater than the maximum superparamagnetic blocking temperature 
of ferritin [8] so that magnetic relaxation effects are negligible. Surface roughness 
will tend to produce a distribution of iron site environments thus broadening the 
Mossbauer spectral lines and distorting them from the Lorentzian shape expected 
for a sample with a unique iron site environment. As an example of the extent of 
influence of the surface on the Mdssbauer spectrum, consider a particle with 1000 
iron atoms. Approximately 50% of the iron atoms will be at the surface. Inter- 
estingly, there was no significant correlation between the width of the quadrupole 
splitting distribution (the prime determinant of doublet linewidth) and the protein 
iron loading possibly indicating that the range of iron site environments within 
the cores of the particles is just as great as the range encountered at the surfaces. 
This situation would be the case if the internal structure of the cores was reason- 
ably disordered. The very small but significant increase in the centre shift of the 
Mdssbauer spectra as the iron to protein ratio is increased (Figure 5(a)) suggests 
that iron site environments within the cores of the particles have slightly greater 
centre shifts than those at the surfaces. The mean centre shifts for the reconstituted 
ferritins were closer to the mean centre shift measured for the “2-line” ferrihydrite 
than that measured for the “6-line” ferrihydrite. The trend of decreasing mean 
quadrupole splitting with increasing iron load was not statistically significant. The 
mean quadrupole splittings for most of the reconstituted ferritins fall approximately 
midway between those found for the “2-line” and “6-line” ferrihydrites. The mean 
quadrupole splittings for the two reconstituted ferritins with the smallest nominal 
loadings had mean quadrupole splittings closer to that for the “2-line” ferrihydrite. 
The lack of significant correlation between the mean quadrupole splitting and fer- 
ritin iron loading may again reflect a high degree of disorder within the core of 
the particles resulting in core site quadrupole splittings being similar to those at 
surface sites. 

In previous studies [8] it was shown that more crystalline particles were pro- 
duced when ferritin was reconstituted at higher temperatures. Electron diffraction 
was used to show that ferritin mineral particles reconstituted at 55°C were more 
crystalline (up to 5 electron powder diffraction rings) than those reconstituted at 
4°C (up to 2 electron powder diffraction rings). Since more disordered materials are 
expected generally to yield larger quadrupole splittings, the quadrupole splitting 
data for the ferritins reconstituted under identical conditions but at two different 
temperatures in this study (Figure 6) are consistent with the previous observa- 
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tions of the effect of temperature of reconstitution on the resulting crystallinity 
of the mineral particles. The samples produced at 50°C consistently have lower 
quadrupole splittings than their counterparts produced at 25°C. 

In conclusion, the iron(III) oxyhydroxide cores of horse spleen ferritin reconsti- 
tuted in a stepwise fashion at 25 and 50° C appear to have a high degree of structural 
disorder, with the degree of disorder within the cores of the particles being similar 
to that at the surface of the particles. The resulting mineral particles are somewhat 
less dense than those found in native horse spleen ferritin, probably because of the 
higher degree of crystallographic disorder compared with the native protein (native 
horse spleen ferritin typically contains mineral cores that exhibit at least 5 or 6 
powder diffraction rings [4]). The Mossbauer spectral data are consistent with the 
observation that reconstitution at higher temperatures produces mineral particles 
with a slightly higher degree of crystallographic order. For particles with 300 or 
more iron atoms, the number of iron atoms per protein shell does not appear to 
have a major influence on the apparent degree of crystallographic disorder. 
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Abstract. Mossbauer spectroscopy in the geosciences is evaluated in the context of past achieve- 
ments, current applications, and future prospects. The pattern of past publications shows the maturing 
of Mossbauer spectroscopy as an established technique, and an evolution from the simple description 
of minerals towards the study of dynamic processes. Current applications continue to exploit the 
many unique advantages of Mossbauer spectroscopy, and a survey of recent publications showcases 
some of the highlights. Future possibilities are discussed within the context of existing capabilities 
that remain to be exploited, ongoing developments, and innovations on the horizon. 
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1. Introduction 

The start of the new millennium has motivated numerous appraisals of various 
research fields, particularly in the context of past successes, and the opportuni- 
ties, directions, and problems of the future. Several workshops have focused on 
the field of mineralogy, highlighting ifs increasing interdisciplinary nafure and 
encroachmenf info the fields of condensed-mafler physics, biology and maferials 
science. The nafure of fhe fechniques used fo sfudy minerals has evolved, and now 
embraces a large range of modem physics mefhods [1]. Mossbauer specfroscopy 
is one of fhese mefhods, and since ifs discovery in 1958, has been applied fo a 
wide range of problems in fhe geosciences. Applications cover a large number of 
sub-disciplines, including descripfive mineralogy, mineral physics, environmenfal 
sfudies, volcanology and ofher manfle processes, applied mineralogy, oceanogra- 
phy and exfralerresfrial sfudies. Geoscience publicafions accounf for roughly 10% 
of all published Mossbauer papers, a proportion fhaf has remained more or less 
consfanf over fhe years. Buf whaf of fhe fulure? Can such an acfivify level be 
mainfained? Are fhere aspecfs of Mossbauer specfroscopy sfill fo be exploifed 
by geoscienfisfs? Are fhere new innovafions on fhe horizon? This article explores 
some answers fo fhese questions. 
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2. Historical perspective 

The historical record can be evaluated with the help of data maintained by the 
Mdssbauer Effect Data Center, Asheville (USA). A search under the subject head- 
ing “terrestrial and extraterrestrial minerals” (which includes most geoscience pa- 
pers) shows an interesting pattern in publication rate that reflects research activity 
for the most part, but is also subject to other factors as discussed below (Figure 1). 

Mdssbauer spectroscopy became relevant to the geosciences in 1959 with the 
discovery of the effect in ^^Fe [2, 3]. Iron is an important element in the Earth, 
not only because is it present in large quantities, but also because it is the most 
abundant element by a large margin that has a variable valence state. Measurement 
of oxidation state provides an indication of oxygen activity, which is important 
to numerous physical and chemical properties and processes, among others the 
evolution of the Earth’s atmosphere. 

The number of mineralogy Mdssbauer publications increased dramatically in 
1966 and 1967, partly due to the discovery that Mdssbauer data could be used to 
elucidate structural details of minerals such as cation distribution [4]. A pair of 
subsequent papers identified the empirical correlation between hyperfine parame- 
ters and the coordination and geometry of crystallographic sites [5,6], and thus one 
of the most common applications of Mdssbauer spectroscopy in mineralogy was 
born. The number of Mdssbauer publications increased again in 1970 due to the 
return of the lunar samples, providing a bonanza for Mdssbauer spectroscopists, 
e.g., [7]. Another increase in the number of Mdssbauer publications occurred in 
1975 due to two large proceedings volumes that arose from Mdssbauer confer- 
ences, where such papers accounted for more than 30% of mineralogy Mdsssbauer 
publications in that year. The peaks and troughs in subsequent years reflected the 
biennial frequency of conferences, with a reduction in published papers occurring 
after the recent decision to restrain proceedings volumes. 




Figure 1. Annual variation in publications incorporating the keyword “terrestrial and extraterrestrial 
minerals” according to data maintained by the Mdssbauer Effect Data Center, Asheville (USA). 
Arrows indicate years that saw a significant increase in publication rate. 
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Year 

Figure 2. Annual variation in the percentage of mineralogy Mossbauer papers that describe studies 
of dynamic processes. 



There has been an evolution in the nature of Mossbauer studies within the 
geosciences. A survey of papers from past decades reveals a trend away from 
the simple description of minerals to studies that investigate dynamic phenomena 
(Figure 2). Indeed within the geosciences in general there has been a trend away 
from descriptions of places and things to studies of dynamic systems and processes, 
e.g., [8]. 



3. Current applications 

Mossbauer spectroscopy has many advantages that set it apart from most other 
techniques used in the geosciences. It is specific to the nucleus being examined, 
and hence is able to isolate those phases containing the Mossbauer isotope, which 
is ^^Fe in more than 95% of mineralogical studies. The energy resolution of ^^Fe is 
extremely high, better than 1 part in 10'^, which provides a sensitive probe of the 
atomic environment. It is able to distinguish between the different valence states 
of iron, which sets it apart from most other analytical techniques. It also provides 
structural information, such as the coordination and geometry of iron crystallo- 
graphic sites. It is a short range probe, which allows the study of poorly crystallised 
materials such as glasses, as well as providing information complementary to that 
from long-range probes such as X-ray diffraction. It is highly sensitive, which 
enables data to be collected for minerals with low iron concentrations. Finally, 
Mossbauer spectroscopy can be applied at a large range of pressures and tempera- 
tures, enabling the study of samples at conditions approximating those both on the 
Earth’s surface and within its interior. 

These advantages are reflected in the nature of Mossbauer studies that have 
been made in the geosciences. Investigations can be classified roughly into one of 
three areas: structure (related to crystallographic, electronic or magnetic structure), 
phase analysis and oxidation state. While structural studies constitute mainly inves- 
tigations of the static nature of minerals, phase analysis and valence state measure- 
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Figure 3. Distribution according to their nature for mineralogical investigations in the years 
2000-2002 for (a) studies involving the static description of a material; and (b) studies focusing 
on dynamic processes. 



ments include many studies of dynamic processes, such as phase transformations, 
oxidation and diffusion (Figure 3). 

Mossbauer spectroscopy has taken its place in some laboratories alongside tech- 
niques such as the electron microprobe and X-ray diffraction in the routine analysis 
of iron-bearing samples. The description of new iron-bearing minerals often re- 
quires information on the structural and electronic state of iron, and Mossbauer 
spectroscopy is generally the tool of choice [9]. Measurements of physical prop- 
erties often involve sample characterisation, particularly of oxidation state, since 
it can affect electrostatic charge balance and equilibrium defect concentration. 
Properties highly sensitive to such effects include rheology, transport behaviour, 
solubility of volatiles and partitioning of major and trace elements (to name just 
a few). Recent measurements on (Mg,Fe)0, for example, found a dependence of 
Fe^+ concentration on elastic properties [10]. Mossbauer spectroscopy is a crucial 
component in some geosensors, for example, the oxybarometer which is used to in- 
fer oxygen fugacity in equilibrium mineral assemblages containing garnet [11, 12]. 
Mossbauer measurements play an important role in some potential geothermome- 
ters [13, 14] and geospeedometers [15-17]. Indeed the only viable geothermometer 
for eclogite assemblages, garnet-clinopyroxene, is strongly influenced by Fe^+ 
concentration [18, 19], which is most reliably measured using Mossbauer spec- 
troscopy. 

There are many highlights in the past three years of Mossbauer applications in 
the geosciences, but in the limited space available here it is impossible to mention 
more than just a few. In the spirit of providing a snapshot of the field, however, the 
following list is given to showcase the range of studies that has been reported: 

(1) investigation of low-temperature iron- and nickel-catalysed reactions showed 
that production of metal is sufficient to catalyse the generation of appreciable 
amounts of methane over geologic time [20] ; 

(2) second-order Doppler shift measurements have been used to determine the 
isotopic fractionation of iron [21]; 
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(3) zoning of ferric iron was used to infer the metasomatic history of kimberlites, 
with information on the preservation of diamond [22] ; 

(4) analysis of Antarctic lake sediments revealed a possible biomarker for use on 
Mars [23]; 

(5) structural studies of volcanic glasses were used to constrain the thermal and 
temporal history of magma chambers [24]; 

(6) measurements in a diamond anvil cell provided evidence for chemical reac- 
tions at the mantle-core boundary [25] ; 

(7) analysis using backscattered techniques showed the non-uniform distribution 
of phases in lateritic ore which is relevant to mineral concentration processes 
[26]; 

(8) analysis of natural tourmalines from Brazil were used to constrain their geo- 
logical history [27] ; and 

(9) analysis of material from the Cretaceous-Tertiary boundary layer showed ev- 
idence for a rapid change in redox conditions after the impact [28]. 

4. Future perspectives 

New developments in Mdssbauer spectroscopy can arise from advances in instru- 
mentation, theory, data analysis, or from new supplies of absorbers. The following 
section examines such possibilities within the following framework: (1) existing 
capabilities that have not been fully exploited by geoscientists; (2) advances that 
are currently under development; and (3) innovations on the distant horizon. 

One aspect of Mdssbauer spectroscopy that has improved in recent years is 
spatial resolution. The development of the Mdssbauer milliprobe, for example, has 
allowed improvements in spatial resolution by more than two orders of magnitude 
[29, 30], while the imaging multiple Mdssbauer spectrometer enables the study 
of inhomogeneities on a similar scale [31]. These techniques are seriously under- 
utilised, however, despite the many potential applications. The history of many 
earth systems, for example, is written in the compositional variation of zoning 
patterns that can be observed in minerals. Coarse zoning (on a length scale of at 
least 50 /xm) can already be studied using the above methods, but zoning on a finer 
scale will have to wait for new technique developments. Further improvement of 
spatial resolution may be anticipated with developments in synchrotron studies of 
nuclear forward scattering [32], while other possibilities include development of 
a Mdssbauer electron microscope which would focus conversion electrons using 
conventional electron optics [33]. 

Another aspect of Mdssbauer spectroscopy that could be more fully utilised 
by geoscientists is time resolution. Studies with existing techniques are possible 
over a wide range of time scales, including in situ studies of phase transitions on 
time scales of tens to hundreds to seconds, studies of transport properties such as 
diffusion on time scales of microseconds, and studies at the intrinsic time scale 
of the Mdssbauer effect in ^^Fe to investigate processes such as relaxation and 
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electron transfer. Existing facilities for forward nuclear scattering at synchrotron 
installations reduce this timescale even further. A time dependent multiple Mdss- 
bauer spectrometer has recently been described that provides time resolution in 
the range from microseconds to seconds by tracking changes in the chemical or 
magnetic state of iron atoms that are subject to cyclic perturbation [34]. 

Mdssbauer spectroscopy can be performed under a wide range of pressure and 
temperature conditions. Such in situ studies are crucial to studies of dynamic ef- 
fects such as diffusion, or phases that cannot be quenched to ambient conditions. 
Existing equipment allows experiments to be performed to approximately 120 GPa, 
and addition of a cryostat extends temperature capability from 4.2 to 300 K. Stud- 
ies at room pressure are possible to at least 1200°C, depending on the Debye 
temperature of the material, but are ultimately limited by lattice vibrations, which 
reduce the recoil-free fraction with increasing temperature. Measurements at high 
pressures and temperatures have been made using externally heated diamond anvil 
cells, and extensions to current temperature and pressure capabilities are underway. 
Developments in nuclear forward scattering provide accelerated data collection that 
could allow pressure and temperature limits to be further expanded, raising the tan- 
talising possibility of collecting Mossbauer spectra at temperatures and pressures 
of the Earth’s mantle. 

The number of research groups that report results of Mdssbauer experiments 
applied to the geosciences is relatively small. This is partly due to the challenge of 
data analysis, despite the widespread availability of computer-based fitting meth- 
ods. It is not trivial in many cases to relate the extracted hyperfine parameters to the 
underlying structure and properties of the material without a significant amount of 
experience, and many pitfalls have been documented, e.g., [35]. Nevertheless, there 
are many relatively routine applications of Mdssbauer spectroscopy that could ben- 
efit from an integrated approach to spectral analysis, and the current development 
of automated data analysis through the use of genetic algorithms, fuzzy logic and 
artificial neural nefworks [36] may provide fhe breakfhrough fhaf is needed fo 
broaden fhe use of Mdssbauer specfroscopy in fhe geosciences. 

Absorbers for Mdssbauer sfudies in fhe geosciences can be obfained from a 
wide variefy of sources. Many come from fhe Earfh, from depfhs anywhere from 
fhe surface down fo approximafely 200 km, allhough Ihere are a few reporls of 
rocks from greater depfhs. Wilhin fhe pasl decade a source of material from fhe 
deep manlle (i.e. below 670 km) has been discovered - wilhin diamonds. When 
diamonds cryslallise in fhe Earth’s manlle, Ihey can enclose minerals from Iheir 
surroundings and prolecl fhe minerals from alteration during Iheir rapid ascenl fo 
the surface. A number of recently discovered deep diamonds (reviewed in [37]) 
contain inclusions that are large enough (i.e. greater than 100 /xm) for study using 
Mdssbauer spectroscopy. In addition, a completely new suite of samples is poised 
to become available through missions planned to Mars, Venus, the asteroids, and 
comets. In addition to natural samples, a number of absorbers used in geoscience 
measurements are synthesised in the laboratory. Large volume presses can simulate 
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conditions within the Earth to depths reaching the lower mantle, while the dia- 
mond anvil cell can reach conditions approximating those in the centre of the core. 
Advances in environmental control (for example, oxygen fugacity) within these 
devices will provide a continuing supply of absorbers for Mossbauer experiments. 



5. Summary 

This paper has examined applications of Mossbauer spectroscopy in the context of 
the past, present and future. A survey of current uses for Mossbauer spectroscopy 
indicates that research activity will likely be maintained at current levels or higher 
for many years to come, with the potential for future developments to increase the 
use of Mossbauer spectroscopy in the geosciences. 
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Abstract. This article reports on the study of the interplay between magnetic coupling and spin 
transition in 2, 2' -bipyrimidine (bpym)-bridged iron(II) dinuclear compounds. Coexistence of both 
phenomena has been observed in [Fe(bpym)(NCS) 2 ] 2 bpym, [Fe(bpym)(NCSe) 2 ] 2 bpym and 
[Fe(bt)(NCS) 2 l 2 bpym (bpym = 2,2' -bipyrimidine, bt = 2,2'-bithiazoline) by the action of exter- 
nal physical factors namely pressure or electromagnetic radiation. Competition between magnetic 
exchange and spin crossover has been studied in [Fe(bpym)(NCS) 2 ] 2 bpym at 6.3 kbar. LIESST ex- 
periments carried out in [Fe(bpym)(NCSe) 2 ] 2 bpym and [Fe(bt)(NCS) 2 l 2 bpym at 4.2 K have shown 
that is possible to achieve dinuclear molecules with different spin states in this class of compounds. 

Key words: spin transition, Fe(II) dinuclear complexes, LIESST effect, magnetic field Mossbauer 
spectroscopy. 



1. Introduction 

Molecular materials have emerged in many areas of material science for design- 
ing new magnets [1], molecular assemblies for data storage [2], conductors and 
superconductors [3], or nonlinear optical (NLO) materials [4]. An equally im- 
portant, but more immediately realisable objective is the production of materials 
which exhibit useful bulk electronic/photonic properties that can be switched by 
stimulating changes at the molecular and/or macroscopic levels. For instance, to 
gather magnetic exchange and spin transition phenomena in the same compound 
or polymeric network could afford new switching materials with considerable am- 
plification of the signal. In this respect, 2, 2' -bipyrimidine (bpym)-bridged iron(II) 
dinuclear compounds represent a first step in this line. Six coordinate iron(II) spin 
crossover compounds represent a class of switchable molecular systems. The elec- 
tronic spin-crossover phenomenon is a type of molecular magnetism [5] that occurs 
in some six-coordinate first-row transition metal complexes as the result of an elec- 
tronic instability that is driven by external physical factors (temperature, pressure, 
or electromagnetic radiation) [6] that induce structural changes at both the molec- 
ular and lattice levels [7]. Six coordinate iron(II) (3d^) spin-crossover compounds 
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Figure 1 . Crystal structure of the molecule of [Fe(bpym)(NCS)2]2bpym. 



are among the most investigated systems; they reversibly change from diamagnetic 
(5 = 0) to paramagnetic (5 = 2) spin states. This so-called spin crossover phe- 
nomenon (SC) is observed both in solution and in the solid state. In solution, the 
molecular process occurs without interactions between spin-changing molecules, 
whereas in solid state, cooperative intermolecular interactions can lead to phase 
transitions. Cooperativity stems from the large difference in the metal-to-ligand 
bond lengths (ca. 0.2 A) and changes of shapes of the spin changing molecules. 
Cooperativity is a measure of how efficiently the intramolecular changes are trans- 
mitted far into the crystal. Hence, it is the reason of the observed discontinuity 
in the magnetic and optical properties and eventually of thermal hysteresis, which 
confers potential memory effect to the SC systems. 

Dinuclear iron(II) complexes of the type [Fe(L)(NCX) 2 ] 2 bpym (L: 2,2'-bipyri- 
midine, 2,2'-bithiazoline, X: S, Se) (see Figure 1) were first published by Real 
et al. [8], but has recently found revival due to observations we have made during 
our pressure studies on these compounds. The synthetic work of Real et al. has 
shown that the spin state of the iron centers and the magnetic coupling can be 
controlled by chemical means. By appropriate choice of the ligands the original 
antiferromagnetic coupling can be suppressed due to the onset of thermal spin 
crossover in one or even both iron centers as can be seen in Figure 2. This, of 
course, is a consequence of the change of ligand field sfrength brought about by 
electronic and/or steric influence. Pressure sfudies which we have recenfly per- 
formed on these compounds have nicely demonstrated that the ligand field sfrength 
can be altered in an equivalent but much more controlled manner [9]. A dinuclear 
compound with both iron(II) centers in the high spin state (5 = 2), which are 
antiferromagnetically coupled over the whole temperature range, has been ob- 
served to undergo thermal spin transition in only one of the two centers under 
hydrostatic pressure. This is unusual in view of the fact that both centers have, 
according to X-ray stmcture determination, entirely equivalent surroundings. The 
appearance of spin transition in only one center of the bridged pair, finally ending 
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Figure 2 . Temperature dependence of XM^ for [Fe(bpym)(NCS)2]2bpym ( 1 )> [Fe(bpym) 
(NCSe)2]2bpym ( 2 ), [Fe(bt)(NCS)2]2bpym ( 3 ) and [Fe(bt)(NCSe)2]2bpym ( 4 ). 



at a plateau with all pairs present in LS-HS pair formation, supports the con- 
clusions drawn from earlier work [ 8 ] that LS-HS pair formation is a preferred 
process arising from a synergetic effect between intramolecular and cooperative in- 
termolecular interactions. Recently a method of direct monitoring of spin state and 
magnetic coupling in dinuclear iron(II) compounds was developed [ 10 ]. The mole- 
cular fractions of high spin (HS) and low spin (LS) components in such compounds 
have been deduced mainly from magnetic susceptibility data. Zero field Mossbauer 
spectroscopy of dinuclear compounds allows the amount of HS and LS components 
to be determined, but does not allow the distinction between HS iron complexes 
in LS-HS and HS-HS pairs in the paramagnetic state to be made. However, this 
distinction becomes possible if Mossbauer measurements are carried out in an ex- 
ternal magnetic field. Applying this method the corresponding amounts of HS-HS, 
LS-HS and LS-LS pairs in [Fe(bpym)(NCS)2]2bpym, [Fe(bpym)(NCSe)2]2bpym 
and [Fe(bt)(NCS)2]2bpym (bpym = 2 , 2 '-bipyrimidine, bt = 2 , 2 '-bithiazoline) at 
4.2 K were identified. Further, the combination of applied field MS and LIESST 
effect on dinuclear compounds demonstrates the effectiveness of this approach 
and pointed out like high pressure experiments the synergism between antiferro- 
magnetic coupling and spin transition present in the title iron(II) dinuclear com- 
pounds. 

In the present article we will discuss the interplay between magnetic coupling 
and spin transition initiated by the influence of physical factors like pressure or 
light in some derivatives of the bpym-bridged family, concretely in [Fe(bpym) 
(NCS)2]2bpym ( 1 ), [Fe(bpym)(NCSe)2]2bpym ( 2 ) and [Fe(bt)(NCS)2]2bpym ( 3 ). 
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2. Background of the method 

The effective hyperfine magnetic field, at iron nuclei of a paramagnetic non- 
conducting sample in an external magnetic field //ext consisfs of several confri- 
bufions: //eff = //ext -|- //c + //l + //d- The Fermi confacf ferm He may be 
esfimafed fhrough fhe expeefafion value of fhe atomic spin momenf (5) by fhe 
relafion He = —220(5') kOe [11]. The orbifal ferm may be expressed as //l = 
560(g — 2) (5) where g is fhe Lande spliffing faefor; fhe ferm //d, arising from 
fhe dipolar inferaefion of fhe nucleus wifh fhe spin momenf of fhe atom, may be 
estimated as H^ = //l/14 [11]. Thus, the effective magnetic field on iron nuclei 
may be esfimafed as: //eff = //ext — [220 — 600(g — 2)] (5). The obvious difference 
befween fhe expeefafion values (5) for Fe(II) in fhe LS and in fhe HS sfafe in 
HS-LS or HS-HS pairs enables one to disfinguish unambiguously befween fhe 
dinuclear unifs consisting of fwo possible spin sfafes in an exfemal magnefic field. 
Considering fhe experimenfal condifions, if is obvious fhaf to observe a pronounced 
difference for paramagnetic samples, fhe measuremenfs should be carried ouf af 
low femperafures in order fo slow down fhe elecfronic spin relaxafion. In addifion, 
the strength of the external magnetic field should be sufficienf fo allow a differen- 
fiafion of spin sfafes of pairs fo be made during fhe characferisfic fime window of a 
Mdssbauer experimenf (~10“^s). Relevanf experimenfal and fheorefical sfudies of 
the behavior of Fe(II) complexes in external magnetic fields are given in [12, 13]. 



3. Experimental results and discussion 

Coexistence of antiferromagnetic coupling and spin crossover in [Fe(bpym) 
(NCS) 2 ] 2 bpym(l) clearly follows from magnetic susceptibility measurements at 
P = 6.3 kbar. Figure 3 shows the magnetic properties of 1 at different pressures. 
At ambient pressure (1 bar), 1 does not reveal the spin crossover behavior and the 
two iron(II) ions being in the HS-HS state antiferromagnetically coupled, with the 
spin singlet ground state completely populated at low temperatures. This behavior 
remains as pressure is increased up to 3.8 kbar. When pressure attains 6.3 kbar, an 
incomplete thermal spin crossover appears around Te = 100 K. At P = 8.9 kbar, 
the spin conversion curve transforms into a typical one-step transition without hys- 
teresis with 50% of molecules remaining in the HS state. The curve xmP vs. T 
is interesting in that a wide plateau is reached between ca. 25 and 120 K. The 
fact that xmT is temperature independent between 120 and 25 K indicates that 
only one iron center of the dinuclear unit has been converted to the LS state. 
The decrease of xm T at temperatures below 25 K is due to the zero field splitting 
(ZFS) of the iron(II) ions remaining in the HS state. Further increase of pressure to 
1 1 kbar shifts the transition curve until Te ~ 200 K, with the main features of the 
transition at P = 8.9 kbar being retained. The experimental curves of 1 at 1 bar 
and 8.9 kbar have been simulated with a full-matrix diagonalization routine using 
the Hamiltonian (1) for the HS-HS coupled species a and b {P = \ bar) and the 
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T/K 

Figure 3. Temperature dependence of xmT [Fe(bpym)(NCS) 2 ] 2 bpym ( 1 ) at different pressures. The 
solid lines, together with estimated concentrations of LS-HS and HS-HS species, correspond to the 
calculations using the Hamiltonians (1) and (2). 



Hamiltonian (2) for the LS-HS uncoupled species in the axial ZFS approximation 
with S = 2. 

H = -JSjb + SaDaSa + kDbh + ^{Saga + kgb)H, (1) 

H = D[sl - \S{S + 1)] + gPHS. (2) 

J is the coupling constant characteristic of the HS-HS species. S, Sa and Sb and 
Da = Db = D aie the local spin operators and anisotropy tensors, respectively. 
The best set of parameters which match with the experimental data at 1 bar are 
J = —4.5 cm“' and D = 8 cm“'. The best fit to the experimental data at 8.9 kbar 
corresponds to D = 10 cm“' and g = 2.19. A linear combination of two extreme 
behaviors at 1 bar and 8.9 kbar has been used to simulate the magnetic behavior at 
6.3 kbar. The estimated concentrations of LS-HS species were around 55%. At this 
pressure the incompleteness of spin conversion is directly related with the low tem- 
peratures at which it takes place (T < 100 K). As is well known, at low temperature 
the dynamics of spin conversion becomes considerably blocked and due to this fact 
the complete spin transition is suppressed. It explains the coexistence of HS-HS 
and LS-HS pairs in 1 at 6.3 kbar which is reflected in the thermal dependence of 
/M^. In order to investigate the competition between magnetic interaction and spin 
transition phenomena in 1 quenching experiments have been performed. Figure 4 
displays the magnetic behavior of the quenched sample at increasing temperatures. 
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Figure 4. xmT versus T plots for [Fe(bpym)(NCS) 2 ] 2 bpym (1) at P = 6.3 kbar. Sample was cooled 
from 300 to 2 K at 2 K min“^ (open triangles). Thermal quenching: sample was cooled from 300 to 
5 K at 100 K min“^ and then warmed slowly (black triangles). 



From the thermal dependence of xm T it can be inferred that HS-HS entities can 
be “frozen” in the metastable state at low temperatures. Heating the sample above 
ca. 60 K leads to reentrance to the stable state, which consists mostly of LS-HS 
dinuclear species. Two main factors, namely, antiferromagnetic intramolecular in- 
teractions and elastic interactions, should be taken into account to clarify the reason 
that stabilizes the metastable state. Considering the low value of 7 ~ —4.5 cm“' 
of the former one in comparison with the reentrance temperature T ~ 60 K and 
the unusually slow kinetics of the reentrant process with relatively fast kinetics of 
an equilibrium spin transition taking place at higher temperature, one can conclude 
that the reentrance is an essentially thermally activated process and that the crystal 
lattice is substantially involved. The kinetics of the spin transition in dinuclear 
compounds confirms, that this is the stmctural rearrangement, associated to the 
spin changing process, which is responsible for the trapped HS-HS metastable 
species and not the magnetism. If it was the magnetic interaction which traps the 
metastable state, the dynamics of the reentrant process would be much faster. In 
other words, elastic interactions rather than magnetic coupling drives the trans- 
formation of HS-HS LS-HS under pressure. Further, this experimental result 
evidence, as we noticed above, that the coexistence of both phenomena should be 
explained considering the kinetics effects associated with the spin transition below 
100 K. 

The synergism between antiferromagnetic coupling and spin transition has been 
observed in [Fe(bpym)(NCSe) 2 ] 2 bpym (2) and [Fe(bt)(NCS) 2 ] 2 bpym (3) under 
light irradiation, i.e., making use of the LIESST effect. According to preliminary 
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Figure 5. Mossbauer spectra of [Fe(bpym)(NCSe) 2 ] 2 bpym (2) at recorded at 4.2 K in zero- 
field (a), at 4.2 K in a magnetic field of 50 kOe (b), and after light irradiation in zero-field (c) and 
after light irradiation in a magnetic field of 50 kOe (d). LS in LS-FIS and LS-LS pairs (grey), FIS in 
FIS-LS pairs (light grey), FIS in FIS-FIS pairs (dark grey). 



studies the ground state of 2 should consist of LS-HS species. The zero-field spec- 
trum at 4.2 K (Figure 5(a)) reflects the nearly “one-half” spin transition according 
to the area fractions of the HS (48.0%) and LS (52.0%) components with parame- 
ters 5 hs( 2) = 0.86(1) mm/s, Ahs( 2) = 3.11(2) mm/s, and 5 ls( 2) = 0.22(1) mm/s, 
^ls( 2) = 0.36(1) mm/s, respectively. Measurements in a magnetic field of 50 kOe 
at 4.2 K reveal features which are not seen in paramagnetic spectra and may be in- 
terpreted as follows. The total spectrum consists of three components as can be seen 
in Figure 5(b). One of them (relative intensity x = 52.0%) with isomer shift and 
quadrupole splitting being equal to 5 ls( 2) and Als( 2) is identified as the “finger- 
print” of the LS state which has Heff ~ Hgxt- The second low-intensity (y = 4.0%) 
broadened doublet with parameters 5 hs( 2) and Ahs( 2) and Hgff = 14 kOe, corre- 
sponds to iron(II) ions in antiferromagnetically coupled HS-HS pairs. The third 
component (relative intensity z = 44.0%) with parameters <5 hs( 2) and Ahs( 2) 
should be unambiguously assigned to the HS state in LS-HS pairs, because the 
measured effective magnetic field at the iron nuclei of 81 kOe clearly originates 
from a spin quintet ground state of iron(II) (S = 2). As a result, the complete 
distinction of dinuclear units becomes possible. It follows from the area fractions 
of the subspectra intensities that at 4.2 K sample 2 contains 2z = 88.0% LS-HS, 
y = 4.0% HS-HS and {x — z) = 8.0% LS-LS pairs. After irradiation of the sample 
during one hour with A = 5 14 nm at 4.2 K, the Mossbauer spectrum of the para- 
magnetic compound 2 shows a decrease in the intensity of the LS species (41.0%) 
in favour of an increase of the HS species (59.0%) as is depicted in Figure 5(c). 
The Mossbauer spectrum recorded subsequently in a magnetic field (Figure 5(d)) 
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consists of three components with relative intensities x = 41.0%, y = 17.0% and 
z = 42.0%. It indicates an increase of the amount of HS-HS pairs (17.0%) with 
a simultaneous decrease of LS-HS (83.0%) and disappearance of LS-LS species. 
The expected and registered appearance of the metastable HS species in the form 
of HS-HS pairs is a consequence of the light irradiation and proves the possible 
coexistence of magnetic coupling and spin transition in the same compound. 

LIESST experiments carried out in 3 revealed like in 2 the possibility to achieve 
the coexistence of different electronic states in a dinuclear entity composed of 
iron(II) ions. As is illustrated in Figure 6(a) at 4.2 K in 3 practically all iron(II) 
ions are in the LS configuration. The Mdssbauer parameters obtained from the 
fitting of the spectrum are: 5ls(3) = 0.357(1) mm/s, Als(3) = 0.452(2) mm/s. 
After irradiation of the sample during one hour (A = 514 nm) at 4.2 K, the Mdss- 
bauer spectrum of 3 shows a decrease in the intensity of the LS species (62.0%) in 
favour of an increase of the HS species (32.0%) (Figure 6(b)). Measurements in a 
magnetic field of 50 kOe af 4.2 K allows fo identify fhe nafure of mefasfable sfafes 
and may be inferprefed as follows. As is depicfed in Figure 6(c) fhe fofal spec- 
frum consisfs of fhree componenfs. One of fhem wifh isomer shift and quadrupole 
splitting being equal to 5ls(3) and Als(3) is identified as fhe “fingerprinf” of fhe 
LS sfafe which has Hgu ~ Hgxt- The second low-inf ensify broadened doublef wifh 
paramefers 5hs(3) and Ahs(3) and Hg^ = 14 kOe, corresponds fo iron(II) ions in 
anfiferromagnelically coupled HS-HS pairs. The fhird componenf wifh parameters 
5hs(3) and Ahs(3) should be unambiguously assigned fo fhe HS slate in LS-HS 
pairs, because fhe measured effeclive magnetic field al fhe iron nuclei of 85 kOe 
clearly originates from a spin quinlel ground slate of iron(II) (S = 2). If follows 
from the area fractions of the subspectra intensities that at 4.2 K sample 3 contains 
2z = 12.0% LS-HS, y = 26.0% HS-HS and (x - z) = 62.0% LS-LS pairs. It is 
worth noting that in 3 the photoinduced species correspond to HS-HS and LS-HS 
pairs. The appearance of LS-HS species should be interpreted in terms of a syn- 
ergetic effect between intramolecular and intermolecular cooperative interactions 
which stabilizes energetically the mixed pair [14]. 



4. Conclusion 

The present dinuclear compounds have shown to be very fortunate systems to 
study the interplay between magnetic coupling and spin transition. Our experi- 
ments demostrated the possibility to achieve different electronic states in dinuclear 
complexes by influence of external physical factors namely pressure or liglh. In 1 
fhe coexislence of bolh phenomena is a consequence of fhe kinetics effecls asso- 
ciated with the spin transition below 100 K. On the other hand, LIESST effect in 
2 and 3 provokes the photoswitching between spin pairs, LS-HS — > HS-HS, and 
LS-LS — >• HS-HS and LS-LS — ^ LS-HS, respectively, where HS-HS metastable 
species are antiferromagnetically coupled. However, the photoconversion does not 
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V [mms''] 




V [mms‘'j 

Figure 6. Mossbauer spectra of [Fe(bt)(NCS) 2 ] 2 bpym (3) at recorded at 4.2 K in zero-field 
before (a) and after light irradiation (b). ^^Fe Mossbauer spectra of (3) recorded at 4.2 K in a magnetic 
field of 50 kOe after light irradiation (c). LS in LS-HS and LS-LS pairs (grey), HS in FIS-LS pairs 
(light grey), FIS in FIS-FIS pairs (dark grey). 
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involve all molecules which is the reason why dinuclear molecules with different 
electronic states are observed in the same compound. 
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Abstract. For 25 years the two metastable electronic states (SI and SII), accessible in the nitropms- 
side anion [Fe(CN) 5 NO]^“ (NP) by irradiation with blue polarized light, have been the subject 
of intense investigations from several research groups. This review article summarizes the most 
important experimental results in the field of photochromatic effects investigated by nuclear resonant 
methods. The experimentally determined data have been compared with the results derived from 
density functional theory calculations. The majority of results convincingly indicates: (i) the SI state 
is represented by the isonitrosyl conformation (Fe-O-N) of the (NO"*“)-group and (ii) the SII state is 
represented by a dynamic conformation, in which a bending vibration of Fe-O-N as well as a rotation 
of the (NO"*“)-group around the main molecular axis simultaneously occur. A possible formation of a 
new third metastable state observed in rare-earth nitroprussides, which is stable at room temperature, 
will be discussed. 

Key words: photoswitching, optical bistability, structural changes, density-functional theory, nuclear 
resonant methods. 



1. Introduction 

By irradiation of a single crystal of sodium nitroprusside, Na2[Fe(CN)sN0]-2H20 
(SNP), and subsequent investigation by Mbssbauer spectroscopy Hauser and co- 
workers discovered in 1977 the existence of a metastable state in the [Fe(CN )5 
NO]^“-anion (NP) [1]. Surprisingly this state has practically infinite lifetime below 
200 K. Heating the crystal above this temperature it disappears and only the ground 
state of the NP anion stays. SNP is one of the velocity calibration standards in 
Mossbauer spectroscopy [2] and its crystal structure features are very well known 
[3]. The nitroprusside anion in SNP, as a relatively simple stmctural unit, is used 
as a model complex in many theoretical studies [4]. The Mossbauer parameters 
such as isomer shift (IS), quadrupole splitting (A£q), and the recoilless absorp- 
tion probability, the so called Famb-Mbssbauer factor (/lm)> have been measured 
with high accuracy for all three principle crystal directions [5]. SNP can easily be 
grown as a large single crystal with high optical quality and size up to 5 x 5 x 10 
cm^. Therefore this crystal has been used for systematic studies of the nature and 
accessibility of light-induced metastable states. 
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2. Experimental results and discussions 

2.1. POPULATION CONDITIONS OF METASTABLE STATES 

By irradiation with light in the spectral region 350-580 nm two metastable molec- 
ular conformations (SI and Sll) can be populated, i.e. at temperatures below 200 K 
SI and below 150 K Sll. About 45% of the NP anions can be transferred into SI 
by irradiation with blue light (457.9 nm) from an Ar+-laser and only a few percent 
into Sll. The latter, however, can be populated up to about 30% by irradiation with 
infrared light from a Nd-YAG-laser (1064 nm) subsequent to the population of SI. 
Both states can be completely and reversibly transferred to the ground state (GS) by 
irradiation with red light (632.8 nm) from a He-Ne-laser or by heating the crystal 
to the decay temperature of the corresponding state. To reach saturation of SI the 
integrated light intensity must be about 2500 J/cm^. Only about 250 J/cm^ are 
necessary to transfer SI into Sll and partially back to GS. Maximum populations 
can only be reached if the electric field vector E of the irradiating light is perpen- 
dicular to the main molecular axis N-C-Fe-N-0. This feature implies that suitable 
crystal cuts are necessary if the illumination is performed by polarized laser light. 
The efficiency in generafion of SI and Sll is independenf on fhe angle befween 
fhe wave vector of fhe irradiating lighf and fhe N-C-Fe-N-0 axis as long as E is 
perpendicular to fhis axis [6]. The NP anion exhibifs reddish colour in fhe ground 
slate, populated by SI wilh 45% if posses lighf brown-green colour and populaled 
by Sll wilh 25% if exhibifs black colour. This pholochromalic and pholorefraclive 
behaviour of SI and Sll are of greal inleresl for optical informalion storage wilh 
exlremely high densily [7] or holographic dala slorage [8]. 




Figure 1. Population and transfer conditions of GS, SI and SII. All wavelengths are given in nm. 
Using blue light SI can be produced directly from GS and via SII. Irradiation with infrared light 
transforms SI back into GS and partially into SII, which by further irradiation goes to GS as well. 
Both SI and SII can be transferred back into GS by red light. These processes are reversible and can 
be repeated without damaging the crystal. 
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The first detailed investigation of population conditions has been made apply- 
ing the differential scanning calorimetry method [6, 9]. Figure 1 summarizes the 
wavelength-population and wavelength-transfer conditions between GS, SI and 
SII. 



2.2. MOSSBAUER PARAMETERS OE METASTABLE STATES 

The Mbssbauer parameters of the GS of the NP anion at 77 K are: isomer shift 
IS = —0.191(3) mm/s (relative to the a-Fe standard at room temperature) and 
quadrupole splitting AEq = -1-1.716(3) mm/s. The corresponding parameters for 
SI (Figure 2(a)) are IS = -1-0.178(3) mm/s and AEq = + 2 . 155 ( 3 ) mm/s and for 
SII (Figure 2(b)) IS = 4-0.194(3) mm/s and AEq = 4-2.862(3) mm/s. Infrared 
exposure with a Nd-YAG-laser transfers SII into GS (Figure 2(c)) [10, 11]. The 
insets in Figure 2 schematically represent the possible structural features of GS, SI 
and SII in the NP anion, which are discussed in details below. 

The Mbssbauer parameters of SI and SII have been measured in lithium, potas- 
sium [12] and barium nitroprusside single crystals, as well as in solid (frozen) 
solutions containing NP anions [13]. The metastable states have been produced in 
Ru-complexes [14] like K2[Ru(N02)4(0H)(N0)], Os-complexes [15] and in other 
complexes with different ligands, different cations and varying numbers of sol- 
vent molecules [16]. Recently guanidinium nitroprusside (CN3H6)2[Fe(CN)5NO] 
(GNP) was announced to be especially suitable for investigations of the photochro- 
matic effects [17] because it does not contain crystal water, all nitroprusside anions 
have almost the same orientation within the single crystal, and its stmcture is well 
known [18]. The stmctural features in GNP allow high population up to 27% by 
very simple irradiation conditions, i.e. with incoherent, nonpolarized blue light 
(450 4= 35 nm) produced by light-emitting diodes (LED) [17]. 

The requirement to keep the E vector of the laser light and the molecular axis 
N-C-Fe-N-0 perpendicular to each other, which is necessary for achieving max- 
imum population of SI and SII, is fulfilled for all crystallographic directions in 
GNP. Using polarized Ar+ -laser light we have performed two population experi- 
ments with wavelengths 476.5 nm and 457.9 nm [19]. The Mbssbauer spectra of an 
irradiated c-cut GNP single crystal with thickness 480 /xm are shown in Figure 3. 
Both spectra are taken at the orientation angle of = 45° between and the crys- 
tallographic c-axis. Calculated population coefficients are P457.9 = 36.2(1)% and 
P47g 5 = 28.2(1)%. A detailed investigation of the dependence of the population 
coefficient on the wavelength of the exciting light was performed for SNP only [6]. 
Maximum population of SI of about 47% is achieved with 457.9 nm [10]. With this 
wavelength almost all nitroprussides have been irradiated, but populations similar 
to those in SNP have not been observed [12, 13]. It seems that in GNP the maxi- 
mum population of SI can be achieved with wavelengths of about 410 nm, which is 
shorter than the optimal one for SNP. Unexpectedly, the line intensity ratio for SI, 
calculated for both spectra (Figures 3(a) and (b)), differs remarkably from those for 
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-2-10 1 2 3 

Velocity, mm/s 



Figure 2. Mossbauer spectra obtained from a 350 jim thick b-cut SNP single crystal. The wave 
vector of the y -quanta ky lies in the mirror ab-plane at an angle of 45° relative to the a- and 
b-axis: (a) populated with SI to about 42% by irradiation with an Ar+-laser, X = 457.9 nm, wave 
vector of the laser light k||b, electric field vector of the laser light E||c-axis, and light intensity 
Q = 3000 J/cm^; (b) population of SII after transfer of SI to SII (and partially to GS) by irradiation 
with Nd-YAG-laser, X — 1064 nm, k||b, E||c, and Q = 250 J/cm^; (c) depopulation of SII after 
illumination with Nd-YAG laser with Q = 4000 J/cm^. The vertical lines mark the positions of SI 
lines. The velocity scale is related to SNP in GS at 77 K. 



the ground state GS. The observed differences of the line intensity ratios for GS 
and SI indicate differences in the orientation of the electric field gradient (EFG) 
tensor in GS and SI for GNP, which has not been observed in SNP [10]. Therefore 
measurement of the EFG parameters by angle-dependent Mossbauer spectroscopy 
is strongly desirable. 
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Velocity, mm/s 

Figure 3. Mossbauer spectra of a c-cut GNP single crystal after irradiation with (a) 476.5 nm and 
(b) 457.9 nm polarized laser light from Ar“*“-laser, k||c, E||b-axis, and Q = 3000 J/cm^. The wave 
vector of the /-quanta ky lies in the mirror ac-plane at an angle = 45° relative to the a- and 
c-axis. The velocity scale is related to cf-Fe at room temperature. The population coefficients for SI 
as well as the line intensity ratios for GS and SI are shown. 



2.3. STRUCTURAL CHANGES OF THE NP ANION IN THE METASTABLE STATES 

Up to now two contradictory explanations of the nature of metastable states have 
been proposed by several research groups. Gudel has suggested that either a large 
structural change or a multielectron promotion is required to explain the remark- 
able stability of metastable states of the NP anion [20]. The results from temper- 
ature dependent measurements of the quadrupole splitting between 4.2 and 293 K 
prove with high accuracy that the light induced metastable states are, like the nor- 
mal NP molecular GS, characterized by an electronic closed shell configuration 



SI: Isonitrosyl bonding 
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Figure 4. Bond lengths (in A) and angles for GS, SI and SII of the NP anion obtained at 50 K [23]. 
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and a Fe(II) state with spin zero [13]. By neutron diffraction studies [21, 22] no 
significant structural changes between SI, Sll and GS have been found. The main 
molecular axis N-C-Fe-N-0 remained unchanged. Based on various X-ray dif- 
fraction studies and extended Hiickel calculations Carducci et al. presented totally 
different results and provided a physical explanation of the nature of the observed 



ISI 




I . I ■ I . I 1 I I I ■ 

- 3 - 2-10123 

Velocity, rnrn/s 



Figure 5. Mossbauer spectra of a b-cut SNP single crystal after irradiation with 457.9 nm polarized 
laser light from Ar"*“-laser, k||b, E||c-axis; (a) Q = 3000 J/cm^; (b) after additional irradiation from 
the opposite side of the crystal, Q = 7000 J/cm^. The velocity scale is related to a-Fe at room 
temperature. The population coefficients for GS and SI are shown. Photographs of the crystal (c) in 
GS at 77 K, and (d, e) populated up to 45% of SI taken in (d) transmitted light and (e) scattered light. 
Many cracks and areas with reddish color (i.e. with weak SI population) are visible. The diameter of 
the crystal is 5 mm, crystal thickness 490 /rm. 
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metastable states [23]. In the SI state the (NO)+-group is inverted with the isonitro- 
syl structure N-C-Fe-O-N, and in the Sll state a side-on molecular conformation 
of the (NO)+-group has been proposed (Figure 4). The re-investigation of the 
existing neutron diffraction data confirms again that neither an exchange of the 
NO-atoms in the nitrosyl group from Fe-N-0 to Fe-O-N for SI could be observed 
nor a 90° bending of the NO-bond for Sll [24]. Possible explanation of the discrep- 
ancy between the results obtained from neutron-diffraction [21, 22, 24] and X-ray 
diffraction experiments [23] is based on the morphology of the single crystals after 
temperature contraction. Single crystals with an average SI population of even 45% 
within the whole crystal exhibit areas with reddish colour (which are characteristic 
for weak SI population) as visualized by the inset (e) in Figure 5. Structural in- 
formation on the metastable state SI on the basis of diffraction experiments with 
a beam cross-section smaller than a few square millimetres may be obscured by 
the fact that the narrow beam hits an area with reddish colour (nearly GS of the 
crystal). 

Several independent theoretical calculations [25-27] of molecular dynamics, 
electronic structure and nuclear resonance hyperfine parameters, using the pro- 
posed geometric rearrangements of the (NO)+-group for SI and Sll, indicate that 
the proposed structures of SI and Sll are in reasonable agreement with the exper- 
imental results of Carducci et al. [23]. All calculated and measured Mdssbauer 
parameters are summarized in Table 1. 

An attempt to support the isonitrosyl structure of SI by angle-dependent Mdss- 
bauer spectroscopy has been made by investigating the ratio t-j t+ of the effective 
thickness for the left- and right-hand line following the evaluation procedures de- 
scribed elsewhere [28, 29] (Figure 6(a)). Measurements of the orientation angle 



Table /. Mossbauer parameters of GS, SI and SII as reported from different research groups 
[25-27]. The IS values are related to a-Fe standard at room temperature. The theoretical values 
are derived from DFT calculations 



NP comp. 


Parameter 


GS 

Theory/exp. 


State 

SI 

Theory/exp. 


SII 

Theory/exp. 


Reference 


SNP 


IS, mm/s 
AEq, mm/s 

n 


0.00/0.00 
-I-I.83/-I-I.72 
0.03/< 0.02 


0.12/0.18 
-I-2.55/-I-2.75 
0.04/< 0.03 


0.17/0.20 
-I-2.81/-I-2.85 
0.44/< 0.1 


[25] 




EFGxlO^l, V/m^ 
7 


-I-7.60/-I-9.69 

0.03/0.02 


-I-14.6/-I-16.5 

0.13/0.03 


-15.2/4-17.1 

0.51/0.2 


[26] 


GNP 


IS, mm/s 
AEq, mm/s 
7 


-/-0.25 

-I-I.8I/-I-I.85 

O.OO/O.OI 


-/-O.Ol 

-I-2.78/-I-2.93 

0.00/- 


-2.99/- 

0.68/- 


[27] 
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Figure 6. Angle-dependent ratio of the effective thickness of the left-hand low-energy line 
(±1/2 — >• ±1/2 transition) t_ relative to the effective thickness of the right-hand high-energy line 
(±3/2 ^ ±1/2 transition) t+ (a) for SI (45%) and GS (55%) and (b) for SII (25%) and GS (75%) 
(and for comparison for SI). The Ht parameters for SI and SII are given in the inset. 



a of the EFG tensor, the orientation angle <w of the mean-square displacement 
(MSD) tensor and the Lamb-Mdssbauer factors and for all principle 

crystallographic directions have been performed. The obtained results for GS and 
SI are very similar because the orientation of the mean molecular axes Fe-O-N and 
Fe-N-0 in the two cases, SI and GS, with respect to the principle crystallographic 
directions is practically the same, only changes of the quadrupole splitting and 
isomer shift are observed. 

Similar angle-dependent measurements have been performed for Sll [11]. The 
results together with the fitted parameters for SI and Sll are presented in Fig- 
ure 6(b). All available data about the Mdssbauer parameters of GS, SI, and Sll 
are summarized in Table 11. 
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Table II. Summarized data for Mossbauer parameters of the NP anion: isomer shift IS (relative to 
SNP in GS at 77 K), quadmpole splitting AEq, sign of the main component V'zz of the electric field 
gradient EFG, orientation angle a of the EFG, asymmetry parameter rj of EFG, orientation angle co 
of the mean-square displacement tensor MSD, and Lamb-Mossbauer factors fjj^, /lm’ flM 
for the principal crystallographic directions of GS, SI, and SII 



Parameters States 





GS (only) 


GS (-FSI) 


SI (4-GS) 


GS (4-SII) 


SII (4-GS) 




from [28] 


from [28] 


from [28] 


from [11] 


from [11] 


Sign of EFG 


-F 


-F 


-F 


4- 


4- 


AEq [mm/s] 


1.716(3) 


1.714(3) 


2.755(3) 


1.720(3) 


2.862(3) 


IS [mm/s] 


0.000 


4-0.001(3) 


4-0.178(3) 


-0.001(3) 


4-0.194(3) 


a[°] 


35.3(1) 


35.4(1) 


35.8(1) 


35.6(2) 


37.3(5) 


V 


0.021(8) 


0.024(8) 


0.018(8) 


0.026(8) 


0.17(5) 


w[°] 


14(6) 


14(6) 


7(6) 


17(10) 


2(7) 


ra 

■'LM 


0.69(1) 


0.68(1) 


0.70(1) 


0.675(7) 


0.70(2) 


/lm 


0.66(1) 


0.65(1) 


0.65(1) 


0.648(7) 


0.57(2) 


/lm 


0.69(1) 


0.69(1) 


0.70(1) 


0.696(7) 


0.74(3) 


Population, a. 


100, 100, 100 


58, 53, 84 


42, 47, 16 


73, 74, 87 


27, 26, 13 



b, c-cut [%] 



2.4. MOSSBAUER PARAMETERS DISCUSSION 

We first discuss the values of the isomer shift and of the quadrupole splitting. 
Theoretical calculations [25-27] provide values of these parameters for GS, SI, and 
Sll, which are close to the measured values. The calculated sign of the EFG for GS 
is positive, which has been confirmed experimentally (with the applied-magnetic- 
field method) for sodium [30], guanidinium [31] and barium [32] nitroprussides. 
The overall agreement between calculated and measured values for SI and Sll is 
a convincing argument for the conformational properties of the metastable states 
in SNP, i.e. the isonitrosyl structure of SI and the side-on bonded conformation 
for Sll. 

The isonitrosyl structure of SI is supported [33, 34] by infrared and Raman 
studies using isotope (^^N, ^^Fe) substituted nitroprussides. The observed 

downshift of some vibrational frequencies upon isotope substitution is in good 
agreement with the normal-co-ordinate analysis and with the results from density 
functional theory (DFT) calculations. 

The GNP single crystal holds a special place in the investigation of the meta- 
stable states in NP complexes. The opportunity to produce SI by non-polarized 
light, using blue light-emitting diodes allowed us to perform an experiment apply- 
ing Nuclear Inelastic Scattering (NIS) using synchrotron radiation. The experimen- 
tal set-up is shown on Figure 7(d). The c-cut GNP single crystal (enriched to 25% 
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Figure 7. (a) NIS spectrum of the NP anion derived from DFT calculations assuming 25% population 
of SI; (b) experimental NIS spectra of non-irradiated GNP single crystal in GS; (c) experimental 
NIS spectra of GNP after irradiation with unpolarized, non-monochromatic light (450 nm) from 
light-emitting diodes; (d) schematic presentation of the experimental set-up. 



in the isotope) was mounted on a sample holder surrounded by two LEDs 
of 450 nm wavelength and 200 mcd intensity [35]. The simulated NIS spectrum 
using DFT calculations, Figure 7(a), has been compared with the experimental one 
recorded after irradiation of the crystal by the LEDs (reaching a population of the SI 
of about 10%), Figure 7(c), and the obtained spectrum after heating the crystal up to 
250 K for 30 min (GS only). Figure 7(b). The predicted Fe-0 stretching vibrational 
mode of SI at 72 meV, assuming the isonitrosyl structure has been experimentally 
confirmed with high precision. Thus, IR, Raman and NIS results [33-35] confirm 
fhe isonifrosyl conformation of SI proposed by Carducci et al. [23]. 

For Sll fwo ouf of fhree DFT calculafions have yielded a negafive sign for fhe 
main componenf of fhe EFG [26, 27], buf in fhe fhird calculation [25] fhe sign 
is posifive. In fhe latter case fhe Fe-C-N axial direcfion defines fhe orienfafion 
of Fjj.. Affer irradiafion of crysfals (a- and c-cuf), fhe line infensify ratio for Sll 
is approximafely fhe same as for GS. If fhe sign of for Sll were negative, fhe 
fwo lines should change fheir position and fhe line-infensify ratio for Sll should 
become fhe reciprocal value of fhe rafio for GS, which has nol been observed exper- 
imenfally. The angle-dependenf Mdssbauer measuremenfs in fhe mirror ab-plane 
(Figure 6(b)) unambiguously show fhaf fhe sign of fhe EFG for Sll is positive [1 1]. 

The orienfafion angle a of fhe EFG for Sll was found fo be only abouf 2° larger 
fhan fhe corresponding values measured for GS and SI. The geomefry of fhe side- 
on bonded (NO)+-group in Sll is presenfed in Figure 8 according fo fhe X-ray 
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Figure 8. Bond lengths (in A) and angles for SII “staggered” conformation [23]. Arrow 1 represents 
the bending mode between static side-on and nearly ideal isonitrosyl bonding of the (NO"*“ (-group 
and arrow 2 the simultaneous rotation of the (NO"*“)-group around the Nj-Cj-Fei axis. 



results [23]. The axial CiNi-group lies in the mirror ab-plane and the Ni-Ci- 
Fei direction makes an angle of about 37° with the a-crystallographic axis. If the 
(NO)+-group for Sll were linear as for GS (N-C-Fe-N-0) or for SI (N-C-Fe-0- 
N) this angle would determine the orientation of the EFG. The other four equatorial 
CN-ligands are inclined by 45° with respect to the crystallographic mirror ab- 
plane. In case of a side-on bonded (NO)+-group the triangle of bonds FeiN 40 i lies 
in the ab-plane, and this is one of the possible “staggered” conformations in which 
the projection of the (NO)+-group lies between both N-C-Fe-C-N equatorial 
chains. The FeiN 4 - and the FeiOi-bonds make angles of 21.3° and 11.7° with the 
linear nitrosyl axis, respectively, and these are the maximum possible and expected 
changes of the orientation angle a of the EFG. If the triangle of bonds FeiN 40 i is 
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perpendicular to the mirror ab-plane (another possible “staggered” conformation) 
the main EFG component would probably no longer lie in the ab-plane, but its pro- 
jection on the mirror ab-plane makes the angle a = 37° with the a-crystallographic 
direction. The (NO)+-group in the other possible side-on bonded “eclipsed” states 
is nearly parallel to one of the equatorial N-C-Fe-C-N chains and the triangle 
of bonds FeiN 40 i is inclined by 45° to the crystallographic mirror ab-plane. It is 
not known which of the possible discussed conformations are actually present in 
nature. Probably, in different NP anions different conformations of Sll could exist. 

DFT calculations for Sll yield relatively high values for the asymmetry pa- 
rameter T], i.e. 0.44 [25], 0.51 [26] and 0.68 [27], as compared to the measured 
value 0.17(5) for SNP The reason for this discrepancy is maybe the static side-on 
“eclipsed” or “staggered” conformation of the (NO)"'“-group assumed for the cal- 
culations. The calculated energy barrier between these conformations is small, i.e. 
about 0.01 eV or even smaller [36] than k^T = 0.0067 eV at T = 78 K. Thus, the 
(NO)+-group in the side-on bonded “eclipsed” conformation could be thermally 
activated to the “staggered” conformation and vice versa. This suspected dynamic 
behaviour of the (NO)‘'“-group would reduce both the asymmetry parameter and 
the quadrupole splitting [37]. 

An alternative interpretation of experimental data suggest that the (NO)+-group 
in Sll tilts between the nearly ideal octahedral isonitrosyl conformation of SI and a 
second state with up to 90° bending of the Fe-O-N bond [11]. Within this picture 
the nature of Sll is represented by a continuous oscillation between the bent and 
the isonitrosyl structure (arrow 1 in Figure 8). The remarkable Mdssbauer line 
broadening of about 12% reported for Sll [10] could be considered as an evidence 
for a dynamic process of the (NO)+-group around the Fe atom. The frequency of 
this bending vibration is expected to be in the range from 10 to 100 MHz. Within 
the half-life time of the 14.4 keV Mdssbauer level, which is about 0.1 /xs, several 
oscillations could occur with the net result that the Fe nucleus registers a mean 
value for asymmetry parameter and quadrupole splitting. Taking the values for the 
static isonitrosyl conformation of SI, ?? = 0 and AEq = 4-2.75 mm/s [10], and 
for the static side-on bonded Sll, rj = 0.68 [27] and AEq = 4-2.86 mm/s [10], 
the dynamic molecular conformation (switching at high frequencies between the 
two static states) yields: rj = 0.34, AEq = 2.85 mm/s, a positive sign for FFG, 
a change in the orientation angle a by about 10°, and a slight reduction of the 
Famb-Mdssbauer factors. 

Other more complicated models for the dynamic behaviour of the (NO)"*" -group 
for Sll cannot be excluded [11]. One of these cases, which represents a combined 
oscillation (arrow 1) and rotation (arrow 2) of the (NO)"*“-group, is shown in Fig- 
ure 8. In this case the parameters take values (rj = 0.17, AEq = 2.85 mm/s, 
positive sign of the EFG, the orientation angle a only a few degrees larger than 
that measured for GS and SI) which are comparable with the experimental find- 
ings for Sll. If the bending vibrational mode of the (NO)‘'“-group in this case is 
predominantly active in the b-direction of SNP, only for this direction lower values 
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Figure 9. Mossbauer spectra taken at 77 K of powder samples of (a) sodium, (b) lanthanum and 
(c) gadolinium nitroprussides irradiated with blue light from LEDs. The velocity scale is related 
to SNP in GS at room temperature. The insets show photographs of the corresponding rare-earth 
nitroprussides taken at room temperature after irradiation. 



of the Lamb-Mossbauer factor are expected, which is also in agreement with the 
experimental results (Table II). 

2.5. PHOTOSWITCHING OF RARE-EARTH NITROPRUSSIDES 

The photoswitching experiments have been extended to rare-earth nitroprussides 
(RNP). Mossbauer spectra of irradiated (with LEDs) powder samples at 77 K of 
sodium, lanthanum and gadolinium nitroprussides are shown in Figure 9 together 
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with images of the samples taken at room temperature after the irradiation. In all 
nitroprussides the metastable states are populated up to 10-15%, which is typical 
for powder samples. The Mdssbauer spectra taken at room temperature show only 
a quadrupole doublet characteristic for GS. The color change occurs only in a 
thin surface layer of some micrometer thickness and therefore can not be detected 
by transmission Mdssbauer spectroscopy. It is well known that all nitroprussides 
change their colour by irradiation at room temperature, forming Prussian blue 
analogues after photochemical reaction. After irradiation at 77 K the SNP does 
not change its colour (Figure 9(a)) while, depending on the time of irradiation, the 
RNP change from light grey to black colour (Figures 9(b) and (c)). However, it does 
not change to blue colour, which would be typical for Prussian blue analogues. It 
seems that in these compounds, besides the common SI and Sll states, a third state 
is produced by irradiation. 

A possible explanation for the appearance of the third state is based on an in- 
ternal photochemical redox reaction [38, 39]. In the Pmssian blue analogue cobalt- 
iron cyanide the metal centres Co(lll) and Fe(ll) are in the low-spin diamagnetic 
S = 0 state, which by irradiation with red light changes into a paramagnetic state. 
The irradiation induces an electron transfer from Fe to Co through the CN-bridge 
(with approximately 5 A length), changing the oxidation and therefore the spin 
state of both metal centres, i.e. to Fe(lll) (S = 1/2) and Co(ll) (S = 3/2), re- 
spectively. As a consequence magnetization below 16 K is remarkably increased. 
Thermal treatment or irradiation with blue light can restore the original situation 
almost completely. 

A similar light-induced mixed valence state accompanied by a change of the 
colour has been observed in iron nitroprusside, in which the iron atoms are present 
as cations as well [40, 41]. This result, however, should be considered with caution 
because the irradiation has been performed at room temperature and Prussian blue 
analogues could have been formed. 

The iron and the rare-earth cations in RNP are also connected via cyano bridges 
(distance of about 5 A) and therefore a possible photoinduced molecular magneti- 
zation can not be excluded. This effect can be observed only in nitroprussides the 
cation of which has a vacant electronic state and therefore could accept the electron 
transmitted via the cyano bridge. This is not the case for SNP in which this effect 
has not been observed (Figure 9(a)). 



3. Conclusions 

All nitroprussides can be switched by irradiation with blue light into two metastable 
states SI and Sll, which are stable below 200 and 150 K, respectively. The ground 
state GS as well as the metastable states SI and Sll are diamagnetic, and there- 
fore light-induced spin-crossover of Fe(ll) can not explain the photoswitching ef- 
fects observed in nitroprussides [42]. Instead, the photoinduced metastable states 
in nitropmssides (and also in other NO-containing materials such as NO-heme 
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proteins [36]) have been identified as linkage isomerism (isonitrosyl and side-on 
conformations of the (NO)+-group). 

Mdssbauer parameters of GS and SI derived from DFT calculations are in quan- 
titative agreement with the measured values. For SII such agreement is lacking. 
The reason for this discrepancy is most likely due to the assumed static side- 
on conformation of the (NO)‘'“-group in the DFT calculations. The experimental 
Mdssbauer parameters of SII are successfully reproduced by calculations when 
taking into account dynamic properties of the (NO)‘'“-group. In our opinion, in SII 
bending vibrations [II] as well as rotations of the (NO)+-group occur [25, 26], 
the latter around the main molecular axis. A crucial experimental test of SII by 
nuclear inelastic scattering of synchrotron radiation with SNP single crystals (sim- 
ilar to that performed for SI [35]) is in progress and might contribute additional 
experimental information about the molecular dynamics of the (NO)"'“-group in SII. 
Further, modified tests with ab initio molecular dynamic simulations are desirable 
in order to elucidate more details and to confirm the validity of the liberation- 
rotation model of SII. Experiments at low temperature (4.2 K) could “freeze” SII 
in a static side-on conformation and warrant further investigation. 

A colour change, which is stable at room temperature, has been observed in 
rare-earth nitroprussides. An explanation of this phenomenon by light-induced 
molecular magnetization has been proposed. Measurements of the magnetic sus- 
ceptibility confirming the molecular magnetism in RNP are in progress. A possible 
reversion of the colour change by thermal treatment and irradiation with different 
wavelengths is under investigation. 
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Abstract. The formation and properties of three types of nanostructures: solid-state nanostructures, 
matrix nanostructures and nanostructures under high pressure with shear were studied. Nanocluster 
peculiarities: solid-liquid state and first-order (jump-wise) magnetic phase transitions were consid- 
ered. The influence of cluster-cluster interactions, cluster-matrix interactions and cluster defects on 
cluster atomic dynamics, cluster melting, cluster critical sizes. Curie or Neel points and the character 
of magnetic phase transitions were investigated. 

Key words: nanocluster, nanostructure, atomic motion, melting point, magnetic phase transitions, 
Mossbauer spectroscopy. 



Introduction 

The properties of a material are known to change significantly on passing from 
macrostructures to microstructures the size of which lies in the nanometer range. 
Thus the crystal lattice parameter, the heat capacity, the melting point and the 
electrical conductivity of the nanocluster differ from those of the corresponding 
macrocrystals. In addition they acquire new optical, magnetic and electronic char- 
acteristics [1-3]. However, the properties of nanostructures are determined not only 
by the cluster size but also by the mode of their organization, cluster matrix and 
intercluster interactions. 

This paper includes the study of iron oxide nanostructures formed: (1) by solid- 
state chemical reactions, (2) by matrix isolation of nanoclusters, and (3) by action 
of high pressure with a shear. The cluster atomic dynamics and magnetic phase 
transitions were studied in these nanostructures and characteristics of intercluster 
and intracluster interactions were derived. 



1. Nanosystems based on solid-state chemical reactions 

Nanoclusters are formed by solid-state chemical reactions, for example by thermal 
decomposition of iron salts. Decomposition of iron salts at a temperature above 
some critical (or threshold) values starts with the formation of a mobile active reac- 
tion medium in which nucleation of nanoclusters occur [4]. The process of cluster 
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formation can be compared with seed formation in confined space in solution or 
melt (a cage or pore). In this case the role of this confinement can be played by 
diffusion restriction, which prevents the perturbation of the mother medium caused 
by the change in the cluster size from migrating over the nucleation time (t„) by a 
distance longer than L ~ {D is diffusion coefficient). 

The nanocluster system can be fabricated with two types of nanostucture with 
weak (free cluster) and strong (sintering clusters) intercluster interactions. For nu- 
cleation of a small cluster with weak interactions the dependence of Gibbs energy 
AG/^ on cluster radius R for one cluster can be described by [4] 

( hq — n\ 

A/x + ln^^jpF/, (1) 

where a is the density of the surface energy of the cluster {a = const), p is the 
substance density in the cluster, A/x is the change in the chemical potential of the 
system caused by the transfer of a single iron atom from the medium to the cluster, 
N are atoms of media, uq are iron atoms being contained in the cluster, Sf = AtvR^, 
Vf = 4/3 ttR^. 

The function AG f passes through a maximum at R = Rqr (Rcr is the critical 
radius of a seed in the nucleation) and through a minimum at = i^max (^max is the 
cluster radius corresponding to a stable equilibrium state of the system) (Figure 1). 
Upon further growth of clusters they come into contact and the boundaries between 
them vanish (sintering). The onset of cluster sintering corresponds to a discrete 
transition from isolated or weekly interacting clusters to strongly interacting, sin- 
tering clusters. If the half of the distance R, between the cluster center at the stage 

G/Gcr 




Figure 1. Change in the Gibbs energy G/Gqr upon nucleation, cluster growth and cluster sintering 
according to relations (1) and (3) in R/Rqr units. 
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Figure 2. Change in the Gibbs energy G/Gcr in the region of the onset of cluster sintering 
vs. R/Rcji at different Rf values (which is a half of of distance between the cluster centers) 

Rf = I.IRqr (1), 1.73f?cR (2), 1.75/?cR (3), 1.77/?cR (4), l-8f?cR (5)- 



of sintering is equal to R = const, the surface area (Ss) and the volume (Vs) of th® 
clusters which has formed contacts with k neighbors can be calculated by 

Ss = 47TR^ + k2jvRiR, - R), 

Vs = "^7tR^ + k^7T{-2R^ + 3R^R, - R^). 

Corresponding to the change in the Gibbs energy at the stage of sintering, i.e., when 
R> R, 



AGs = aSs - 



tin — n 

A/x + In 

N 



pVs. 



(3) 



Thus there are two regions in nanostructure formation: for R < R, expression (1) 
and for R > Rt expression (3) are available. The calculations give that for A: = 6 at 
R, < 1.77?cr sintering occurs without a barrier; in a system less densely populated 
by clusters at R, = I.ISRqr the transfer to sintering requires overcoming a po- 
tential barrier and in more less densely populated system at R = 1.8f?cR sintering 
does not occur at all (Figure 2). 

The differential thermal analysis (DTA) and differential thermal gravimetric 
(DTG) curves recorded during thermal decomposition of iron oxalate F2 (€204)3 • 
5H2O in air exhibit two minima atTu = 200 °C and 260 °C [4]. The first minimum 
corresponds to dehydration processes of iron complexes, mobile medium starts to 
form in which nucleation and growth of iron oxide clusters takes place. The second 
minimum is apparently due to the onset of the sintering of iron oxide clusters. The 
cluster sizes were determined from specific surface area (BET), using data of X-ray 
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Velocity (nim/s) 

Figure 3. Mossbauer spectra of iron oxide nanoclusters obtained at Td — 215 °C at different 
temperatures. 



diffraction analysis, atomic force microscopy (AFM) and Mossbauer spectroscopy. 
Nanocluster sizes were estimated from superparamagnetic broadening of hyperfine 
structure lines for Mossbauer spectra of iron oxide nanoclusters [5] obtained at 
Td = 215-235 °C. Mossbauer spectra for iron oxide nanoclusters fabricated at 
Td = 215 °C are shown in Figure 3. One can observe the typical superparamag- 
netic relaxation with the broadening of HFS lines and their shifting to the middle of 
spectrum that corresponds to the nanocluster size 2-3 nm. The BET measurements 
give the same results. These nanoclusters correspond to the region of cluster sizes 
with R < Rf (Figure 1) and to the week cluster-cluster interactions. The sizes of 
nanoclusters at the beginning of sintering were estimated by AFM. 

AFM image of iron oxide nanocluster obtained at To = 265 °C is presents 
in Figure 4. The scale of the image - 500 nm x 500 nm permits to estimate the 
cluster sizes between 30 and 50 nm. X-ray analyses argue about the presence of 
aFe203-yFe203 with the same sizes [6]. Mossbauer spectra of aFe203-yFc203 
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Figure 4. Atomic force microscopy image for strongly interacting iron oxide nanoclusters obtained 
sATd — 265 °C with resolution 500 nm. 



nanostructure obtained at To = 265 °C characterized by strong cluster-cluster 
interactions in region R > R, are shown in Figure 5 . No superparamagnetic be- 
havior is marked for these big nanoclusters up to T = 300 K. Mbssbauer spectra 
are composed of magnetic hyperfine structure components for aFe203-yFe203 
structure corresponding to bulk Q!Fe203 and yFe203 and quadrupole doublet. The 
origin of these phenomena will be interpreted in Section 5 . 



2. Nanoclusters prepared using matrix isolation 

The formation of clusters from solution in closed pore under weak cluster matrix 
interaction can be treated in the frame of relation ( 1 ) as for the nucleation of cluster 
during the first region of solid-state chemical reaction. The limited concentration 
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Figure 5. Mossbauer spectra of aFe 203 -j/Fe 203 nanostructure obtained at Td — 265 °C at 
different temperatures. 



of the solute inside the pore entails the existence of limiting volume of the cluster 
«max^ after this volume has been reached, cluster growth becomes energetically 
unfavorable and ceases. One more important influencing cluster formation and 
growth in a pore is pore heterogeneity. Heterogeneity decreases the energy barrier 
to the formation of a stable seed of a cluster having critical volume [7]. For the 
nucleation in the pore nmin = 32o!^/(3p^A/x^), energetic barrier corresponding 
Mniin — AG,„ = 167Ta^K/{3p^Afu?-) and 
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where hq - number of atoms of dissolved substance, e.g., iron, n - number of clus- 
ter atoms, A" < 1 - factor heterogeneity. For the fabrication of isolated nanoclusters 
with weak cluster matrix interactions one need to use very low concentrations 
of dissolved substance and absence of chemical sorbent - adsorbate interactions. 
The nucleation and the formation of iron hydroxide (ferrihydrite) clusters in pore 
matrix-copolymer styrene and divinilbenzene copolymer (polysorb) with a specific 
surface area up to 1000 m^/g and pore size of 7-50 nm have been investigated [8]. 
The pore surface in polysorbs has no functional groups, therefore the influence 
of chemisorptions on cluster formation can be neglected. Polysorbs were impreg- 
nated with ferric chloride solutions with different iron concentration and flowed 
by air containing an ammonia admixture (0.008-0.08%). As a result insoluble fer- 
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Figure 6. Mijssbauer spectra of ferrihydrite clusters {c = 1.2 • 10“^ mol/litre) in polysorb pores 
with sizes 13 nm (a,b) and 20 nm (c) and computer fitting at different temperatures: (a) 4.2, (b) 10, 
(c) 4.2 K. 
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rihydrite clusters are nucleated after pH change of medium. This matrix isolation 
technique allows two cluster systems to be produced, namely, a system with iso- 
lated clusters and one with clusters interacting with one another (if several cluster 
occur in a pore) when iron concentration or pore size increases. Figures 6 and 7 
show the Mdssbauer spectra of ferrihydrite clusters obtained in 13- and 20-nm 
polysorb pores. The spectrum recorded at 4.2 K consists of two parts - the central 
quadruple doublet and magnetic hyperfine structure with relative narrow lines (with 
allowance for the disorder of cluster structure). As temperature is raised, some of 
HFS of the spectrum is converted into a paramagnetic doublet without entering the 
intermediate states corresponding to the superparamagnetic behavior. The increase 
of pore size up to 20 nm (Figure 6c) at the same concentration 1.2 • 10“^ moFlitre 
leads to the nucleation of several clusters in one pore and to the appearance of 
cluster-cluster interaction. Mdssbauer spectra in this case possess more broad line 
and quadrupole spectra part decreases. (Figure 6c). The increase of iron concentra- 
tion up to 1.2 • 10“^ mol/litre also stimulates the nucleation of several clusters in 
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Figure 7. Mossbauer spectra of ferrihydrite clusters (c = 1 .2 • 10 ^ mol/litre) in polysorb pores with 
sizes 13 nm at different temperatures: (a) 4.2, (b) 6, (c) 10 K. 
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one pore, the appearance or the increase of cluster-cluster interactions (Figure 7). 
The appearance of superparamagnetism at 10 K (Figure 7c) made it possible to 
estimate cluster size from the broadening of the HFS in the spectrum that give the 
cluster size ~2-3 nm. The evaluation of the size of iron cluster formed in pore 
from iron concentration (c = 1.2 • 10“^ moFlitre) gives cluster size ~l-2nm 
for isolated clusters. The comparison of very small (2-3 nm) ferrihydrate clusters 
(Figures 6, 7) with big (30-50 nm) iron oxide clusters (Figure 5) gives the idea 
about unusual phenomena that should be explained in term of jump wise transitions 
between HFS and quadrupole doublet with temperature or cluster size variation 
without intermediate superparamagnetic state (see Section 5). 



3. Nanosystems, formed by action of high pressure with a shear 

The two previous methods of nanocluster fabrication deal with the organization 
of nanostructures from nanoclusters. The action of high pressure with a shear is 
a technique that leads to a nanostructuration of bulk materials, to a decreasing 
of nanocluster size in nanostructures and to the appearance of numerous defects 
and strains. The defect density in nanostructures plays an important role for the 
definition of mechanical, electronic and magnetic properties in nanostructures [3]. 

In the difference of atoms and molecules in a bulk crystal, nanoclusters in 
nanostructure possess by real surface. Therefore for the thermodynamics consider- 
ation of a defect nanostructure one need to consider cluster surface as a source of 
defects, surface energy and chemical potential. 

In the equilibrium distribution of defects between the cluster and the interface 
the chemical potential of defects inside of cluster 

/Xv = /Xvo(f^) + ^Tlncv (5) 

becomes equal to chemical potential of defects in interface 

Ms = /^so(-f*o) + ^^Incs, (6) 

where P, cy and Pq, cs are pressure and defect concentration inside of cluster and 
in interface, respectively. If the summary number of defects, hq, and maximum of 
defect concentration, cq, are constants such that 

I 

Cs = Co Cy, (7) 

q 

where q{r) = (I + r/ R)^ — I and r is the thickness of interface layer. 

At the calculation of equilibrium concentration one should take into account 
that surface pressure in cluster h P — Pq = 2a/ R, then from /xy = /xs 

Cy 1 

^ ^ 1/[(1 -h r//?)3 - 1 ] + exp[(A/xo(Fo) + 2av/aR)/m ’ ^ ^ 

where v - volume of defect, a - constant lattice for bulk material. 
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Figure 8. Density of defects cy in cluster vs. cluster size (in the R/a units). 



Two types of nanostructures were studied: (1) on the base of nanoclusters 
aFc 203 -yFe 203 with sizes 30-50 nm, and (2) on the base of metal Eu nanos- 
tructures. Both nanosystems (1), (2) were fabricated by pressure 2 GPa and the 
shear on Bridgman anvil up 240-120 °C correspondingly. 

Figure 8 shows the concentration defect dependence on relative cluster sizes 
for iron oxide and metal europium. One can see the maxima of the concentration 
of defects in the region 20-40 nm for Eu metal and 40-60 nm for iron oxides. 
These maxima change drastically the magnetic properties of the nanostructures 
(see Section 5). 



4. Cluster atomic dynamics 

Intracluster atomic dynamics defines many properties of nanoclusters; for exam- 
ple, heat capacity and melting. One of the most important characteristics is the 
mean-square displacement of atoms. The increase of mean-square displacements 
for surface atoms of cluster leads to an increase of heat capacity and a decrease of 
melting point. There are numerous microscopic and quantum-statistical methods as 
well as methods based on the thermodynamical models and computer simulations 
of motions in atomic mobility studies. Thermodynamic formalism permits to con- 
sider the cluster melting and to bind it with the values of mean-square displacement 
and Mdssbauer spectra data [5, 9, 10]. The states of the cluster formed during solid- 
state chemical reactions or in nucleation from solution in the pores are determined 
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Figure 9. Change in the Gibbs Energy an ensemble of separate atoms in a solid (1), for isolated 
clusters (2) and for a systems of interacting clusters (3, 4) occurring in the solid and liquid state vs. 
cluster size. (3) Clusters interacting with one another. (4) Cluster after treatment with surfactants. 

by the Gibbs free energy (l)-(3). The difference between the free energies of the 
cluster in liquid and solid states is 



where Aa = ai — cTj is the difference between surface energy and A/x = /xj — /Xs is 
the difference between the chemical potentials for liquid and solid states of cluster. 
It is obvious that for melting Aa < 0 and A/x > 0. The AG(f?) curves are shown 
in Figure 9 and the critical cluster size corresponding to the transition from solid 
to liquid state (AG = 0) is calculated from the formula 



When R < /?CR a cluster occurs in liquid state (Figure 9). As follows from 
(10), solid-liquid transition state cannot be realized for separate atoms in matrix 
(for Aa = 0), when a cluster has not be formed. Meanwhile the Aa value should be 
the greatest for free cluster. Any intercluster interactions would decrease this value 
and hence, the /?cr value, which determines the region of possible fluctuations of 
solid and liquid states. The decrease of melting point of cluster is equal 




(9) 



3Aa 




( 10 ) 



8T _ 3Aa 



( 11 ) 



T pqR ’ 



where q = latent heat of the phase transition, Tq is a melting point for bulk material. 
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Dependence (11) indicates that the melting point of cluster decrease with a 
decrease in cluster size. A decrease in the melting point (down to room tem- 
perature) with a decrease in the cluster size has been observed for gold, tin and 
CdS nanoclusters [11-13]. A sharp increase of mean square displacements was 
observed for iron hydroxide nanoclusters that can be qualified as melting of nan- 
ocluster [7, 10]. The intensity of Mdssbauer spectral lines for hydroxide clusters in 
polysorbs shapely decreased upon decrease of polysorb pore size and with the de- 
crease of nanocluster size. This is attributable to an increase in intracluster atomic 
mobility corresponding to melting processes. 

For nanocluster of yFe 203 obtained in solid-state chemical reactions the de- 
pendence of this spectral area on temperature of thermal decomposition of iron 
oxalate (To) has a minimum atro~215°C (Figure 10). According to Mdssbauer 
spectroscopy the To value is related to the mean size of yFe 203 cluster prepared by 
thermal decomposition of iron oxalate. It was found that the cluster size increases 
from 2 to 4 nm as temperature To changes from 215 to 235 °C. The right-hand 
branch of the curve in Figure 10 is related to decrease in spectral area (following 




200 210 220 230 240 

To(°Cl 



Figure 10. Spectral surface area of Mossbauer spectra of nanosystems formed from iron oxide clus- 
ters prepared by thermal decomposition of iron oxalate vs. temperature of thermal decomposition To- 
The light dots are initial experimental data. The dark dots correspond to surfactant action: (1 ) ethanol, 
(2) isopropanol, (3) Twin-65, (4) butanol, (5) SDS. 



INTRACLUSTER AND INTERCLUSTER INTERACTIONS IN NANOSTRUCTURES 



337 



in decrease in To) and to increase in atomic mobility in yFc 203 clusters similarly 
to the observed decrease in line intensity for ferrihydrate. The left-hand ascending 
branch in the curve A = f(To) is related to further decrease in To and, correspond- 
ingly, to decrease in the size of cluster down to their disappearance to give separate 
atoms, dimers and trimers of Fe^+ (see Figure 9, a = 0). Thus the minimum at 
the A = f{To) curve observed at To = 215 °C appears to be due to the onset of 
formation of an iron oxide clusters. 

As noted above, the atomic mobility is strongly influenced by the intercluster 
interactions. They decrease the surface energy. However, the intercluster interac- 
tions and strains can be reduced by the action of surfactants or mechanochemical 
treatment. It can be seen from Figure 10 that the spectral area markedly decreases 
after action of surfactants. Thus, weakening of the intercluster interactions results 
in an increase in the intercluster atomic mobility and in a decrease in the melting 
point. Relation (11) can be used to estimate the Rea value corresponding to the 
onset of melting of yFe 203 clusters and compare it with the R value observed 
experimentally from Mbssbauer spectra. Using the value p = 5.18 • 10^ g/m^, 
Aq! = 1 J/m^, q = 2 ■ 10“'^ J [14, 15] it was obtained R = aTo/{ST), where 
a = 0. 1-1.0 nm. As a result, for T^ = 300 K, R ~ 0.1-1. 2 nm, which is in good 
agreement with the value J ~ 2 nm (see Section 1) found from Mbssbauer spectra. 

It also noteworthy that the existence the specific solid-liquid transition state in 
which atoms possess enhanced mobility can provide an interpretation of the effect 
of adsorption decrease in the material strength (Rehbinder effect) [16] at the atom 



S 




Figure 11 . Temperature dependences of relative Mdssbauer spectra area for EU2O3 and Fe203 nan- 
oclusresin pores of carbon. ( 1 ) o - small EU2O3 nanoclusters, ( 2 ) A - large EU2O3 nanoclusters, 
( 3 ) □ - Ee203 nanoclusters. Solid line - Debye model for EU2O3 nanoclusters at 9 o = 290 K. 
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and molecular level due to wetting and deformation of its surface under the action 
of a surfactant. 

Intracluster atomic mobility was studied for EU2O3 and Fe203 nanoclusters in 
carbon matrix. EU2O3 and Ec203 nanoclusters were nucleated in carbon micropores 
and calcinated at 600 °C [17]. Eor heterogeneous nanosystem including europium 
and iron oxide nanoclusters was obtained the temperature dependence of the area 
of Mdssbauer spectra, A = f{T). A sharp temperature dependence of A value was 
observed for small europium oxide nanoclusters that was interpreted as melting 
of nanocluster (Figure 11). In accordance with the thermodynamic approach this 
phenomenon is followed by the decrease of melting point for EU2O3 up to 200 K 
in comparison with the bulk (about 2500 K). The relation (11) can be used by the 
same manner as for nanoclusters Fe203 for the estimation of critical size EU2O3 
nanoclusters ~2 nm [17]. Temperature dependences of A-value for larger EU2O3 
and Fe203 clusters are different (Figure 11). They show solid-state behavior with 
Debye temperature 9 = 290 K (EU2O3) and 9 = 300 K (Fe203). 

5. Magnetic phase transitions 

As was shown previously isolated ferrihydrate nanoclusters 1-2 nm in porous 
materials (Figures 6 and 7) and strong interacting aFe203-yFe203 nanoclusters 
30-50 nm (Figure 5) possess the same unusual magnetic behavior - the jump- 
like magnetic phase transitions from magnetic (magnetic hyperfine structure) to 
paramagnetic state (quadrupole doublet). This transformations can be described in 
terms of the first-order magnetic phase transitions in nanoclusters without super- 
paramagnetic behavior. 

A thermodynamic model for magnetic phase transitions in nanoclusters has 
been proposed [8]. A cluster is assumed to exhibit a pronounced magnetostric- 
tion effect, i.e., to change its volume on passing from the magnetically ordered 
to paramagnetic state. Meanwhile, the Curie point of a substance depends on its 
volume 



where is the magnetostrict constant of a substance, V and Vo are molecular 
volumes of a substance in the magnetically ordered and paramagnetic states. The 
change in the Gibbs energy density on passing from the magnetically ordered state 
to paramagnetic state is written in the form 



where N is the number of atoms with spin 1/2, m = M/M$ is the relative magne- 
tization value, Ms is the saturation magnetization, rj is the volume compressibility. 




( 12 ) 




^ a V - Vo 

-h 2 ^ 

R Vo 




(13) 
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and a is the surface tension. The first term in Equation (13) corresponds to the 
exchange energy density in the molecular field approximation, the second term 
reflects the deformation energy, the third term corresponds to the surface energy 
and the fourth one matches the entropy term for the temperature dependence of 
magnetization. Minimization of the free energy and solution of the set of equations 
dAGv/dE = 0, dAGv/dm = 0 gives 



where Tco = Tq{\ — fir] P) shows the change in Tq due to pressure P = lajR, 
y = 3/2NkTo7]P^i\ - Pr]P)~K 



Figure 12 presents the temperature dependence m = f(T/Tco) for different 
values of the parameter y, which determines the character of the magnetic phase 
transition. For y < 1, the phase transition corresponds to a second-order magnetic 
transition and when y > 1, it is a first-order magnetic transition. The y value can 
be represented as y = Tcc/Tco, where T^c = 3/2N KT^riff' . If the cluster size 
R < ^CR> then y > 1, the cluster passes from the magnetically ordered to the 
paramagnetic state upon a first-order magnetic phase transition. 




(14) 



2a fir] 



(15) 
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Figure 12. Temperature dependence of cluster magnetization for different y. (1) y < I, (2) y = I, 
(3)y > 1. 
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For larger clusters, only the second-order magnetic phase transition takes place 
(Langeven type). It can also manifest itself as superparamagnetism of tempera- 
tures KT > KiiV . The first- and second-order magnetic phase transitions were 
observed, for example, for the ferrihydrite FesHOg • 4 H 2 O clusters in the polysorb 
pores [8]. The matrix isolation method allows two cluster systems to be produced, 
namely, a system with isolated clusters and one with clusters interacting with one 
another (if several cluster occurs in a pore). Figures 6 and 7 show the Mdssbauer 
spectra of the ferrihydrite clusters obtained in 13- and 20-nm polysorb pores. The 
spectrum at 4.2 K corresponds to quadrupole doublet and consists of two parts 
- the central component (the doublet) and the magnetic hyperfine structure with 
relatively narrow lines (with allowance for the disorder of the cluster structure). 
As the temperature is raised, some of the HFS of the spectrum is converted into 
a paramagnetic doublet, without entering the intermediate states corresponding to 
the superparamagnetic behavior. The results presented in Figure 6 suggest that a 
jump-wise first-order magnetic phase transition occurs in ferrihydrite clusters in 
the temperature range of 4.2-10 K. An increase in the iron concentration results in 
an increase in the cluster size; nevertheless, the spectral pattern peculiarities at 4.2 
and 6 K does not change (Figure 7). 

In the spectra recorded at 10 K (Figure 7) for large clusters (c = 1.2 • 10“^ mol 
litre"') formed as a 13 nm pore, the absorption line is broadened, which cor- 
responds to the intermediate forms (between the quadrupole doublet and HFS), 
peculiar to superparamagnetism. Thus, at 10 K, a second-order magnetic transition 
is observed for large clusters, in addition to the first-order magnetic phase transi- 
tion. For smaller clusters (c = 1.2 • 10"^ mol litre"'), line broadening is absent 
and second-order magnetic phase transitions (superparamagnetism) do not show 
themselves (see Figure 6). The appearance of superparamagnetism at 10 K made it 
possible to estimate the critical cluster size from the broadening of the HFS lines 
in the spectrum (Figure 7): 7 ?cr ~ 2 nm. 

Estimation of the cluster firmed in a pore from fhe concenfrafion of iron atoms 
(c = 1.2 • 10"^ mol litre"') gives the value R ~ 1-2 nm (for isolated cluster). 

Further growth of cluster and enhancement of their interactions is accompanied 
by appearance of second-order magnetic phase transitions. The lines of HFS are 
markedly broadened and the first-order phase transition can no longer be distin- 
guished against the background of the second-order magnetic phase transitions. 
Estimation of f?cR using relation (15) gives Rqr ~ 1 nm, which coincides in order 
of magnitude with the results obtained in experiments. The effect similar to the 
first-order magnetic phase transition were also observed in the aEe 203 , aEeOOH 
nanoclusters and in proteins, ferritin and hemosiderin, wich include the magnetic 
core (EeOOH)g • (EeOOPOaH) [18-21]. 

Another parameter determining the character of the magnetic phase transition 
is the external excess pressure. It has been noted above that the critical temperature 
of phase transition decreases upon an increase in pressure due to the change in the 
surface tension. A change with external pressure by AF entails a change in the 
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magnetic transition temperature for cluster by the value 



To 



(16) 



Thus, a decrease in T^o increases the probability of the first-order magnetic 
phase transition. 

The study of two nanosystems - an ion exchange sulfro resin (sulfo cation 
exchange resin) incorporating iron hydroxide clusters with a size of 3 nm and a 
globular protein (ferritin) incorporating iron hydroxide clusters with a size of 6 nm 
has been reported [22]. In these systems, the interaction of clusters with the poly- 
meric and biopolymeric networks changed due to hydration. The excess pressure 
on the cluster was determined from the deformation of the polymeric matrix [from 
the increase in water volume which accompanied its crystallization (freezing)]. 
This pressure is calculated from the expression 



AP 



1 AV 



(17) 



For AT/ V = 0.09 (for water) and 1 /-q^ = 5-10 GPa it was found that AP = 
0.45-0.9 GPa, which is comparable in magnitude with the surface pressure in a 
1.5 nm cluster (~1 GPa). Using relation (16) can estimate the decrease in Tco under 
the action of pressure. Assuming that P = 1 GPa, p = 10^, /x = 10“" m^/J“' and 
1/A ~ 10“^^ m^ (the data were taken from publications [22]), we have AT/o = 
(0. 1-1.0) Too. Thus, ATco can reach a value of the order of Tco- 

The ATco value was estimated from Mbssbauer spectra of sulfo cation exchange 
resin (in the range of T = 4.2-30 K) and ferritin (in the range of 4.2-78 K). Hydra- 
tion followed by freezing was found to be accompanied by a decrease in Tco- This 
value was determined from spectra in which the paramagnetic state and magnetic 
HFS of spectra were equal. The following values were obtained: T/o ~ 9-10 K 
for the hydrated sulfo cation exchange resin, Tco ~ 13-14 K for the dry cation 
exchange, Tco = 30 K for hydrated ferritin and T/o = 34 K for dry ferritin. Com- 
parison of the Tco values for the dry and hydrated samples provides the temperature 
shift ATco ~ 3^ K, which is in line with thermodynamic estimates. The first-order 
magnetic phase transition arises also in nanosystems containing larger nanocluster 
(30-50 nm). These systems are formed in solid-phase chemical reactions (see 
Figures 1 and 2), for example, in cluster sintering, and are subject to substantial 
intercluster interactions. The phase transitions observed in these systems are sim- 
ilar to those in the ferrihydrite cluster (1-3 nm) in a polymeric matrix. Figure 5 
shows the Mbssbauer spectra of the aFe 203 -yFe 203 nanosystem. The spectra 
indicate that jump-wise magnetic transitions from the magnetically ordered state 
(magnetic HFS) to the paramagnetic state (central doublet) can take place in this 
system. These magnetic transitions take place at distributed critical temperatures 
Tco = 120-300 K, which are lower than the temperatures Tco for bulk samples 
of a- and y-Fe 203 (856 and 965 K, respectively). The decrease in Tco cannot be 
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due to superparamagnetism because of the large cluster size. Superparamagnetic 
relaxation times are much larger than characteristic Mbssbauer time s. As a 

consequence, magnetization disappears abruptly, which is related to the transition 
of the magnetic HFS of aFe203-yFe203 into a paramagnetic doublet (Figure 5). 

The presence of the first-order magnetic phase transition in the 0!Fe203-yFe203 
nanosystems is related to the strong intercluster interactions, which bring about 
substantial stress in the nanosystem. This stress results in the generation of enor- 
mous pressures (up to several GPa). The pressure arises during sintering [23] of the 
a- and y-Fe203 cluster, the unit cells of which have different specific volumes and 
under acfion of defecls and dislocations. As has been shown above (see Figure 8) 
fhe densify of defecfs has a maximum af a clusfer size of exacfly 40-60 nm. 

For fhe explanation of fhe firsf-order magnetic phase fransifion in o;Fe203- 
yFe203 nanosysfem fhe fhermodynamic model faking info accounf fhe influence 
of clusfer defecf densify was developed [24]. 

In fhis model 



Tc — Tco(l + /Icv), 



(18) 



where /I < 0 is consfanf, Tc, Tco - Curie or Neel poinfs of clusfer wifh defecfs and 
withouf defecfs, Cy - defecf concenfrafion in clusfer. The fhermodynamic pofenfial 
of fhe sysfem may be expressed by 



G = 



1 

Afiny + aS(ny) — -No^2co(l + Pcy)m 



2 



+ NKT\ -In 




-|- m In 



1 4- m\ 

\ — m )' 



(19) 



where A/x = A/x° 4- kT ln(As«v/(A^v«s)) is the difference of chemical potential 
for defects situated inside and outside the cluster, Ny, Ns - numbers of atom in 
cluster volume and surface, respectively, ny, ns - concentrations in cluster volume 
and surface respectively, a - the surface tension on cluster-media interface, S - 
cluster surface, N - number of spins in cluster, m = M/Mq - relative magnetic 
moment of cluster, M - magnetic moment of cluster. If the conditions dC /dny = 0 
and dG/dm = 0 are simultaneously fulfilled, fhe equilibrium may be expressed by 
the equation connecting implicitly the magnetization and temperature 



^coq(R) 

^ \ + q(R)K exp[{VSpiR)/kTco - 0.5in ■ P)m^)(Tco/T)] 




m 



\ + ni 
\ — m 




( 20 ) 



where q(R) = [(1 4- r/R)^ - 1] = [(1 + {r/a){a/R)f - 1], 8p{R) = 2a/ R, 
n = N /Ny is the concentration of spins in cluster, a is the lattice constant, r is 
the thickness of intercluster media surrounding cluster the calculation of the mag- 
netization curve m{T /Tco)- The following parameters are used: /Ico = —50, k = 
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oxide 




Figure 13. Temperature dependence of calculated cluster magnetization at different R/a. 



exp(— A/x^/^Tco) = 0,01, np = —3, rja = 1, laV j {akTco) = 50 (Figure 13). 
Temperature dependence of magnetization for R = 500a-6a shows the character 
of magnetic phase transition changes notably from the smooth curves typical for 
of second-order magnetic {Rja = 500,400,300,200) to the jump like curves 
characteristic of the first-order magnetic phase transition {Rja = 100, 50, 25, 12) 
and back to second-order magnetic phase transition for {Rja = 6). 

The decrease of Neel temperature with decrease of nanocluster size was ob- 
tained in nanostructures fabricated by high pressure with shear action. This tech- 
nique generates nanostructures with nanocrystallite sizes up to 10 nm [25] and high 
defect density. The same aFe203-yFe203 nanocluster structure (about 5 wt.%) 
with metal Eu (~95 wt.%) composition was treated under pressure 2 GPa and 
the shear 240° . The results are shown in Figure 14. The absence of HFS supports 
the idea of the decreasing of cluster size under pressure and shear action and the 
decrease of Neel temperature for magnetic phase transitions. 

The results with the increasing of Neel point was observed for Eu metal and 
composites. The action of high pressure with shear was studied for metal Eu; 
aEe203-yEe203 nanocluster structure (about 5 wt.%) -|- Eu metal; adamantine 
(about 10 wt.%) -|- Eu metal. The bulk Eu metal possesses the first-order magnetic 
phase transition at 80 K. Mossbauer spectra of "^Eu are shown in Eigure 15. One 
can see that magnetic state and HES for metal Eu disappeared but the broadening of 
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Figure 14. Mijssbauer spectra of nanostructure aFe203-j/Fe203 + Eu metal after action of 
high pressure with shear at 300 K. 




Figure 1 5. Mossbauer spectra ^ ^ ^ Eu nanocomposites after action of high pressure with shear at 90 K: 
(a) nanostructure on Eu metal, (b) nanostructure on Eu metal + «Ee203-pEe203, (c) nanostructure 
on Eu metal + adamantine. 
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paramagnetic line is still conserved. More pronounced line broadening effect is ob- 
served for aFe203-yFe203 composition and for the adamantine nanocomposition 
even resolved HFS is fixed. All these results can be interpreted by the increasing 
of Neel temperature of Eu nanocomposite and the appearance of the second-order 
magnetic phase transitions after the action of high pressure with shear. As was 
shown in Figure 8 the maximum of defect density exists for 20-40 nm cluster size 
range and influences the changing the first-second order magnetic phase transitions. 
Thus for the larger and the smaller than 20-40 nm should be observed second-order 
magnetic phase transitions and Curie or Neel points should be increase. There- 
fore after action of high pressure with shear the decrease of Eu magnetic domain 
nanocrystalites (smaller, for example, then 20-40 nm) takes place and former first- 
order magnetic phase transition converts to the second order with inceasing of Neel 
points. The imbedding of 0!Fe203-yFe203 nanoclusters and adamantine molecu- 
lars into Eu matrix permit to distribute a shear over all volume of composite and to 
conserve generated defects and stresses after the release pressure. Thus one should 
mark that nanoclusters and nanostructure materials permits to change the character 
of magnetic phase transitions and to decrease or to increase critical temperature of 
magnetic phase transitions. 
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Abstract. The magnetic properties of antiferromagnetic nanoparticles have been studied by 
Mossbauer spectroscopy and neutron scattering. Temperature series of Mossbauer spectra of non- 
interacting, superparamagnetic hematite nanoparticles were fitted by use of the Blume-Tjon relax- 
ation model. It has been found that the magnetic anisotropy energy constant increases significantly 
with decreasing particle size. Neutron scattering experiments on similar samples give new infor- 
mation on both superparamagnetic relaxation and collective magnetic excitations. There is good 
agreement between the values of the parameters obtained from Mossbauer spectroscopy and neutron 
scattering. In samples of interacting hematite nanoparticles, the relaxation was significantly sup- 
pressed. The Mossbauer data for these samples are in accordance with a mean field model for an 
ordered state of strongly interacting particles. Mixing nanoparticles of hematite with CoO nanoparti- 
cles resulted in suppression of the superparamagnetic relaxation, whereas NiO nanoparticles had the 
opposite effect. 

Key words: Mossbauer spectroscopy, magnetic nanoparticles, superparamagnetic relaxation, neu- 
tron scattering. 



1. Introduction 

Most experimental studies of the magnetic properties of nanoparticles have been 
focused on ferromagnetic and ferrimagnetic particles because of their importance 
for magnetic data storage, in ferrofluids, etc. Eurthermore, the theoretical models 
for superparamagnetic relaxation have been derived for ferromagnetic particles. 
Antiferromagnetic nanostructured materials are interesting both from a fundamen- 
tal point of view and because they have important applications in devices in which 
exchange bias is utilised, such as spin valves. In this paper, we give a brief review of 
results of studies of antiferromagnetic nanoparticles obtained by use of Mossbauer 
spectroscopy and neutron scattering. 
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2. Non-interacting particles 

Several studies of both ferrimagnetic and antiferromagnetic nanoparticles have 
shown that inter-particle interactions can have a strong influence on the magnetic 
properties of samples containing magnetic nanoparticles [1-5]. Therefore, in order 
to study the magnetic properties of non-interacting nanoparticles it is necessary 
to prepare samples with negligible inter-particle interactions. Since long range 
dipole-dipole interactions are small because of the small magnetisation of antifer- 
romagnetic particles, it may be sufficient to coat the particles with a thin layer of 
non-magnetic material such that short range exchange interaction can be avoided. 

Often the magnetic anisotropy energy of a nanoparticle is assumed to be uniax- 
ial and given by the expression 



where 9 is the angle between the (sublattice) magnetisation direction and an easy 
direction of magnetisation, K is the magnetic anisotropy constant, and V is the par- 
ticle volume. The superparamagnetic relaxation time, i.e. the average time between 
transitions between the minima of the anisotropy energy, is expected to follow the 
Neel-Brown expression [6, 7]: 



where is Boltzmann’s constant and T is the temperature. A£ is the height 
of the energy barrier separating two minima corresponding to easy directions of 
magnetisation. For a particle with the magnetic energy given by Equation (1), 
A£ = KV .\n ferromagnetic nanoparticles, Tq depends slightly on temperature 
[7] and is typically in the range 10“'^-10“^ s. No theoretical expressions for the 
value of To for antiferromagnetic particles have been published. 

As an example of Mbssbauer spectra of non-interacting particles. Figure 1(a) 
shows spectra of 9 nm hematite nanoparticles coated with oleic acid and suspended 
in heptane. At 25 K, the spectrum is dominated by a sextet with relatively sharp 
lines, indicating a relaxation time r > 10“^ s. At 180 K, the spectrum consists of a 
doublet, indicating relaxation times r < 10“^ s. At intermediate temperatures, the 
spectra can be described as superpositions of sextets and doublets with relatively 
narrow lines, and there is no significant contribution from particles with relaxation 
times in the range 10“^-10“^ s, which should give contributions with consider- 
able line broadening [1]. This can be explained by a relatively broad particle size 
distribution in conjunction with the exponential size dependence of the relaxation 
time. For a particle with magnetic energy given by Equation (1) one finds from 
Equation (2) that a small volume change A V will give rise to a change in relaxation 
time given by 



E(9) = KVsin^O, 



( 1 ) 




( 2 ) 



At = r(F -b AV) - r(V) = r{V) exp 




( 3 ) 
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Figure 1. Mossbauer spectra of 9 nm hematite nanoparticles obtained at the indicated temperatures, 
(a) Particles coated with oleic acid and suspended in heptane, (b) Uncoated particles prepared by 
drying an aqueous suspension. 



For non-interacting hematite nanoparticles, Tq is of the order of 10“'^ s [8]. There- 
fore, for a particle with a superparamagnetic relaxation time of the order of the time 
scale of Mossbauer spectroscopy (~ 5 • 10“® s), we find from Equation (2) that the 
value of the parameter KV /k^T is approximately 6. According to Equation (3), 
a change of the particle diameter by only about 10% will then result in a change 
of the relaxation time, which is sufficient to transform the spectmm to a doublet 
or a sextet. The samples of hematite nanoparticles studied by us typically have a 
broad size distribution [9]. Therefore, at a given temperature only a small fraction 
of the particles in a sample will have relaxation times in the range 10“^-10“^ s, 
for which the spectra are substantially broadened. The spectra therefore appear as 
superpositions of sextets and doublets with relatively sharp lines. 

We have fitted temperature series of spectra of non-interacting hematite nanopar- 
ticles simultaneously [4, 8, 10] with the Blume-Tjon model [11] for Mossbauer 
relaxation spectra. We assumed that the relaxation time is given by the Neel-Brown 



350 



S. M0RUP ET AL. 




Average particle diameter (nm) 

Figure 2. The magnetic anisotropy constant for hematite nanoparticles as a function of the particle 
size. Adapted from [8]. 

expression (Equation (2)). In the fits, the values of AE and Tq were free parameters. 
The volume distribution was estimated from electron micrographs, and in the fitting 
procedure, it was approximated with a log-normal distribution. The fits showed 
unambiguously that the relatively broad size distribution and the small value of 
To can explain the apparent absence of components with broad lines. The studies 
showed, as illustrated in Figure 2, that the magnetic anisotropy energy constant 
increases by a factor of about 10, when the size decreases from about 25 nm to 
about 6 nm [8]. It is likely that the major contribution to this increase is the surface 
anisotropy. The results also showed that the value of Tq decreases with decreasing 
particle size. 

At low temperatures, where the superparamagnetic relaxation time is long com- 
pared to the time scale of Mdssbauer spectroscopy, the Mossbauer spectra of sam- 
ples of magnetic nanoparticles consist of sextets. However, the magnetic splitting is 
reduced compared to the bulk value because of the influence of collective magnetic 
excifafions (i.e. flucfuafions of fhe sublaffice magnetisation in directions around an 
easy direction of magnetisation) [12, 13]. These flucfuafions can be described as a 
combinafion of precession of fhe (sublaffice) magnefisafion vector in fhe anisofropy 
field and fransifions befween precession sfafes wifh differenl precession angles. If 
bofh processes are fasl compared to fhe lime scale of Mdssbauer specfroscopy, fhe 
observed magnefic hyperfine field is af low femperafures given by [13] 
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Table /. The magnetic anisotropy parameters kV jk^ and AZi/fcg and the value 
of To for 15 nm hematite particles obtained from superparamagnetic relaxation 
(SPM) and collective magnetic excitations (CME) 



KV/k^{K) AZi/fcg (K) tq (s) Ref. 



SPM (Mossbauer) 

CME (Mossbauer) 620 ± 50 
SPM (neutron scatt.) 

CME (neutron scatt.) 600 ± 200 



600 ± 150 6-10“l' [10] 

[10] 

500 ±200 1.4-10““ [15,16] 

[15, 16] 



Here Bq is the magnetic hyperfine field in the absence of collective magnetic ex- 
citations, and may be close to the bulk magnetic hyperfine field. The parameter k 
depends on the magnetic anisotropy constant(s) and may also be influenced by 
inter-particle interactions. For a particle with magnetic energy given by Equa- 
tion (1), K = K. According to Equation (4), Bobs/So should depend linearly on 
temperature, and this has in fact been found in experimental studies of nanoparti- 
cles of, for example, magnetite [12] and hematite [4, 14]. (In hematite nanoparti- 
cles, the sublattice magnetisation is to a large extend confined in a plane and the 
magnetic energy is more complex than that given by Equation (1) [10].) 

It should be noticed that the fits of the whole temperature series of Mossbauer 
spectra are mainly sensitive to the superparamagnetic relaxation, which is gov- 
erned by the height of the energy barriers, A£ (although the reduction of the 
hyperfine fields due to collective magnetic excitations was also included in the 
fitting model [4, 8, 10]). When analysing only the reduction of the hyperfine field 
due to collective magnetic excitations at low temperatures, one obtains information 
on the parameter kV , which is related to the magnetic energy near the bottom of 
the minima. Therefore, if the magnetic anisotropy is different from that given in 
Equation (1), the results for the energy barriers, obtained using the two methods, 
may not be identical. The values, obtained using the two different types of analysis 
for 15 nm hematite nanoparticles, are given in Table 1. In this case there is good 
agreement between the values. 

Another experimental technique, which is useful to study superparamagnetic re- 
laxation and collective magnetic excitations, is neutron scattering [15-17]. Eigure 3 
shows, as an example, energy scans from a triple-axis neutron spectrometer taken 
around the pure (111) antiferromagnetic reflection for 15 nm hematite nanopar- 
ticles [15]. The zero field scans (a) show a relatively narrow quasielastic peak 
centered at zero energy transfer and two broad inelastic peaks at energy transfers 
around e = ±0.2 meV. The width of the quasielastic peak increases with increas- 
ing temperature, because of the finite lifetime of the magnetisation orientations in 
superparamagnetic particles. Thus the superparamagnetic relaxation time can be 
estimated from the line width of the quasielastic peak. It is notable that neutron 
scattering is sensitive to fluctuations at the time scale 10“^^ s > r > 10“^ s. It is 
thus suitable for the study of superparamagnetic relaxation, which is so fast, that 
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Figure 3. Inelastic neutron scattering data obtained at the indicated temperatures at zero applied 
magnetic field (a) and at 268 K in various applied magnetic fields (b). Adapted from [15]. 



Mossbauer spectroscopy becomes insensitive to the relaxation rate. The inelastic 
peaks are caused by collective magnetic excitations and their positions correspond 
to the energy change associated with a transition between two neighbouring pre- 
cession states. Thus the position of the inelastic peaks are at e = where 

coaf is the antiferromagnetic resonance frequency [15, 16], which is related to 
the parameter k. It can be seen that the area of the inelastic peaks increases with 
increasing temperature. This is due to the temperature dependence of the popula- 
tion of the precession states. When magnetic fields are applied, the inelastic peaks 
move to higher energies (Figure 3(b)), because the magnetisation vectors process 
in an effective field, which has confribufions from bofh fhe anisofropy field and 
fhe applied field. The values of fhe paramefers AE, kV and Tq, obfained from 
fhe analysis of fhe neufron dafa, are given in Table I. There is a good agreemenf 
befween fhe values of A E and kV obfained from fhe analysis of fhe neufron dafa 
and fhe Mossbauer dafa. The uncerfainfy of fhe esfimafed values of Tq is abouf one 
order of magnifude and Iherefore fhe values given in fhe fable also agree wifhin fhe 
experimenfal uncerfainfy. 
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Neutron scattering has also appeared very useful for studies of the temperature 
dependence of the sublattice magnetisation in nanoparticles of, for example, NiO. 
It has been shown that the Neel temperature of NiO nanoparticles is lower than 
the bulk value and that the temperature dependence of the sublattice magnetisation 
follows a mean-field model for finite-sized particles [18]. 

3. Inter-particle interactions 

Interactions between antiferromagnetic nanoparticles have in several cases been 
found to have a surprisingly strong influence on fhe superparamagnefic relaxafion 
[1,4, 14, 19-21]. Figure 1(b) shows Mdssbauer specfra of inferacfing 9 nm hemafife 
parficles. These particles were faken from fhe same bafch as fhose yielding fhe 
specfra in Figure 1(a), buf fhey were uncoafed, suspended in wafer and fhen al- 
lowed fo dry af room femperafure such fhaf fhey may inferacf. The large differences 
befween fhe specfra in Figures 1(a) and (b) illusfrale fhaf infer-parficle inferacfions 
resulf in much slower relaxafion fhan seen in fhe sample of non-inferacfing par- 
ficles. Moreover, fhe shapes of fhe specfra in fhe fwo figures differ significanfly. 
Insfead of fhe appearance of a doublef af relafively low femperafures as in Fig- 
ure 1(a), the lines of the sextet in Figure 1(b) become increasingly broadened as 
the temperature is raised and the average hyperfine field decreases considerably. 

The magnetic energy of a particle i, which inferacfs wifh ifs neighbours j , may 
be wriffen 



where M, and M/ represenf fhe (sublaffice) magnefisafion of fhe particles i and j , 
respectively, and Kij is an effective exchange coupling consfanf due fo exchange 
coupling befween surface atoms belonging to neighbouring particles. If fhe firsl 
ferm in Equafion (5) is predominanf, superparamagnefic relaxafion may fake place 
befween fhe easy direcfions af 9 = 0 and 9 = n. However, if fhe inferacfion is 
sfrong such fhaf fhe second ferm is predominanf, fhere may be only one energy 
minimum for fhe particle i, and fhe inferacfions may resulf in an ordered (collec- 
five) sfafe af low femperafures [1, 4, 13, 21]. Af finite femperafures, fhe (sublaffice) 
magnefisafion may fhen flucfuafe around fhe direcfion corresponding fo fhis energy 
minimum. The magnefic properties of such samples have been calculafed by use of 
a mean field model in which fhe summation in fhe second ferm in Equation (5) 
is replaced by an average value [13, 21]. The properfies of fhe sample can be 
characferised by an order paramefer, which describes fhe degree of ordering of 
fhe (sublaffice) magnefisafion direcfions of fhe particles [4, 21]. The femperafure 
dependence of fhe order paramefer can fhen be calculafed by use of Bolfzmann 
sfafisfics [4, 13, 21]. If fhe flucfuafions of fhe sublaffice magnefisafion direcfions 
are fasf compared fo fhe fime scale of Mdssbauer specfroscopy, fhe magnetic splif- 
fing in fhe specfra will be proporfional fo fhe order parameter. In a sample of 




( 5 ) 



J 
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more or less randomly packed nanoparticles one would expect a broad distribu- 
tion of exchange coupling constants. Therefore, at a given temperature, the order 
parameter is different in different parts of the sample. This variation can explain 
the asymmetric line broadening of the lines in the sextet [4, 21]. The model has 
been used to explain the Mbssbauer data for interacting hematite [4] and goethite 
nanoparticles [21]. If the neighbouring particles are randomly oriented one might 
expect that the contributions from different neighbouring particles in the summa- 
tion of Equation (5) partially cancel and therefore the interaction field should be 
small. However, recent high resolution transmission electron micrographs of Ti02 
nanoparticles have revealed that there can be a large tendency for neighbouring 
nanoparticles to align with parallel lattice planes [22]. It is possible that a similar 
tendency is present in samples of hematite nanoparticles and this may explain the 
strong magnetic coupling. 

An alternative explanation of the slower relaxation in samples of interacting 
particles might be that the effective energy barrier, AE, increases with increasing 
strength of interactions [5, 23]. The shapes of the spectra of interacting particles 
are, however, as illustrated in Figure 1 , very different from those of non-interacting 
particles. This suggests that the relaxation mechanism is fundamentally different 
from that of particles with relaxation behaviour governed by Equation (2). Fur- 
thermore, the physical model [23], which has been used to explain the apparent 
increase of the magnetic anisotropy, is based on assumptions, which may not be 
fulfilled [24]. 

The influence of interactions between hematite nanoparticles has also been 
studied by neutron scattering. The studies have shown a large reduction of the 
relative area of the inelastic peaks when the particles interact. Qualitatively this 
is in accordance with the presence of an ordered state as discussed above. The 
analysis of the data is in progress [25]. 



4. Interactions between nanoparticles of different materials 

In recent studies it has been found that interactions between nanoparticles of dif- 
ferent antiferromagnetic materials can have unexpected effects on the superpara- 
magnetic relaxation time [20, 26]. The samples of interacting nanoparticles were 
prepared by suspending mixtures of uncoated particles in water, exposing them to 
ultrasound, and allowing them to dry at room temperature. Figure 4 shows spectra 
of hematite nanoparticles at 180 K for a sample consisting solely of hematite par- 
ticles and of hematite particles from the same batch mixed with similar amounts 
of NiO or CoO nanoparticles. It is clearly seen that NiO results in faster relaxation 
whereas CoO results in suppression of the relaxation compared to the pure hematite 
sample. 

In the presence of inter-particle interactions, the expression for the reduction of 
the magnetic hyperfine field due to collective magnetic excitations may be written 
[4, 14]: 
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Figure 4. Mossbauer spectra of 9 nm hematite nanoparticles obtained by drying aqueous suspensions 
of particles of pure hematite and mixtures of hematite particles and CoO or NiO nanoparticles. The 
spectra were obtained at 180 K. 



^obs — ^0 



1 - 



k^T \ 

Ea + Sint/ 



( 6 ) 



where is related to the magnetic anisotropy energy (= IKV if the anisotropy 
energy is given by Equation (1)) and Sim is proportional to the interaction strength. 
The temperature dependence of Sobs at low temperature for the samples of pure 
hematite nanoparticles and the mixture of hematite and CoO nanoparticles is shown 
in Figure 5. Data for the mixture with NiO are not included, because the sample 
showed a partial Morin transition at low temperatures [20, 26] and the hyperfine 
fields are therefore not comparable to those of the other two samples. For both 
samples, a linear temperature dependence of Bobs is found, but the slopes differ 
considerably. In the sample with CoO nanoparticles, the variation of Bobs with 
temperature is small and close to the bulk behaviour. In the sample consisting solely 
of hematite nanoparticles, the slope is much larger indicating a smaller interaction 



356 



S. M0RUP ET AL. 




Temperature (K) 

Figure 5. Temperature dependence of the magnetic hyperfine field of 9 nm hematite nanoparticles 
mixed with CoO nanoparticles and pure hematite. 



energy. These results are in accordance with the differences in the strength of 
interactions, which were found from the analysis of the spectra at 180 K (Figure 4). 

The origin of the different influence of NiO and CoO on the relaxation of 
hematite nanoparticles is not understood in detail. It is possible that a strong ex- 
change coupling between hematite and CoO nanoparticles prevent the relaxation 
of the hematite particles because their sublattice magnetisation is coupled to the 
sublattice magnetisation of the CoO particles, which have larger anisotropy energy 
[20, 26]. The smaller magnetic anisotropy of NiO particles may be the reason for 
the faster relaxation of hematite particles when they are mixed with NiO [26]. 
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Abstract. A high-pressure Mossbauer spectroscopic study of [^^Fe(PPIX)OH] is reported under 
conditions where the pressure is increased and then released. Data were recorded over the pres- 
sure range from room pressure to 7.1 GPa using a modified Merril-Bassett Diamond Anvil cell. 
[^^Fe(PPIX)OH] exhibits an asymmetric quadrupole doublet at room temperature and pressure, 
caused by population of higher energy levels known as Kramer’s doublets. Under the application 
of pressure a S — 5/2 high spin to 5 = 5/2, 3/2 admixed spin state transition of the Fe(III) site is 
seen to occur above pressures of 2.2 GPa. This follows a general trend observed with other porphyrin 
compounds. This is thought to be evidence of movement of the ligand towards the iron atom and 
movement of the iron atom towards the porphyrin plane. Further evidence for this motion is found in 
the decrease in the asymmetry of the original site, which is caused by changes in population of the 
energy levels of the Kramer’s doublets. At the highest reported pressures a reversal in asymmetry is 
observed for the inner S — 5/2 quadrupole doublet. 

Key words: Mossbauer spectroscopy, high pressure, porphyrin, spin state, Kramer’s doublet. 



1. Introduction 

As a continuation of previous studies [I, 2] a high-pressure Mossbauer spectro- 
scopic study of [^^Ee(PPIX)OH] is reported. Data were recorded from room pres- 
sure up to 6.8 GPa using a standard diamond anvil cell (DAC). The choice of 
sample reflects the biological importance of iron(IEIII) protoporphyrin centres 
(haems) to mammalian biology. A study of this compound by Drickamer et al. [3] 
concluded that pressure induced a transition from Pe(III) to Ee(II), but this interpre- 
tation is not supported by data now available. The room temperature atmospheric 
pressure spectrum exhibits a narrow asymmetric signal [4], fitted as an asymmetric 
quadrupole doublet (see Eigure 1). When the temperature is lowered the spectrum 
becomes symmetric and ultimately reverses into an opposite type of asymme- 
try [5]. These effects are caused by relaxation of the hyperfine coupling between the 
nuclear spin and the components of the electronic Kramers’ doublets [6]; the mech- 



360 



V. J. CORNELIUS ET AL. 




Figure 1. Mossbauer spectra of [Fe(PPIX)OH] at 298 K across the pressure range 1 x 10 ^ to 
6.8 GPa. 

anism has been explained by Clauser and Blume [7] and refined by Dattagupta [8], 
in so far as temperature induced changes are concerned. However, as reported in 
this work pressure-induced changes go beyond the limits of Dattagupta’s theory. 

2. Experimental 

High-pressure Mossbauer spectra were recorded using a modified Merrill-Bassett 
diamond anvil cell (DAC) under hydrostatic pressure using the previously reported 
system [9]. 4 : 1 MeOH : EtOH was used as the hydrostatic pressure fluid [10], and 
the ruby fluorescence method was used to measure the pressure in the DAC [1 1]. 
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Table I. Mossbauer spectroscopic parameters for [Fe(PPIX)OH] at 298 K over the 



pressure range 


from 1 X 10“ 


■4 to 6.8 GPa 








Pressure (GPa) 


5 (mm/s) 


A£q (mm/s) 


F (mm/s)^ 


L2:L1* 


Area (%) 






S = 5/2 site 






1 X 10“'^ 


0.30(2) 


0.44(5) 


0.67(4) 


1.65(9) 


100(2.6) 


0.50(5) 


0.39(6) 


1.18(10) 


0.91(13) 


1.71(24) 


100(9.6) 


1.20(12) 


0.38(2) 


1.69(3) 


1.24(5) 


1.36(5) 


100(2.86) 


2.20(22) 


0.33(1) 


1.73(7) 


1.05(6) 


1.25(5) 


76.0(6.82) 


2.90(29) 


0.37(2) 


1.96(7) 


1.18(9) 


1.08(6) 


77.8(5.46) 


3.50(35) 


0.36(3) 


1.96(13) 


1.14(15) 


0.98(19) 


67.8(12.1) 


4.20(42) 


0.46(2) 


2.23(4) 


1.16(13) 


0.78(10) 


54.4(6.3) 


5.50(55) 


0.44(6) 


2.16(14) 


1.68(15) 


0.40(10) 


43.0(5.6) 


6.80(68) 


0.49(9) 


2.09(19) 


2.06(21) 


0.26(3) 


34.6(4.7) 






5 = 5/2, 


3/2 site 






2.20(22) 


0.26(2) 


3.01(6) 


0.71(10) 


s 


24.0(6.0) 


2.90(29) 


0.26(2) 


3.22(4) 


0.48(7) 


s 


22.4(4.7) 


3.50(35) 


0.28(2) 


3.18(6) 


0.54(11) 


s 


32.2(9.7) 


4.20(42) 


0.26(2) 


3.22(4) 


0.62(7) 


s 


45.6(5.7) 


5.50(55) 


0.26(2) 


3.22(2) 


0.60(4) 


s 


57.0(5.1) 


6.80(68) 


0.26(2) 


3.19(2) 


0.64(3) 


s 


65.4(4.7) 



# Full width at half mean height of LI the low velocity line; * ratio of high velocity peak 
to low velocity peak line widths; s = fitted as a symmetric doublet. 



3. Results and discussion 

The data are presented in Table 1 and Figure 1. The first observation is that the 
initial application of pressure broadens and splits the spectrum, which may indicate 
minor modification of the electronic environments of the iron(lll) sites as the iron- 
containing molecules are forced closer together. As pressure is increased further, 
at 2.2 GPa a second site with a larger quadrupole splitting becomes clearly visible. 
This site continues to develop in % area with pressure but stabilises above 2.9 GPa 
with spectral parameters of quadrupole splitting (A^q) = 3.2 mm/s and isomer 
shift (5) = 0.26 mm/s. This site is assigned as a S = 5/2, 3/2 admixed spin state of 
the Fe(lll) complex, and mirrors previously reported results for high-pressure spin- 
state transitions in the monomer [Fe(PPlX)Cl] [1,2]. The second noticeable effect 
of pressure is the change in asymmetry of the inner 5 = 5/2 site, which decreases 
with the application of pressure to 3.5 GPa, where the inner site is symmetric. 
At higher pressures the asymmetry reverses so that the low velocity line becomes 
the broader one. 
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Mg = +/- 5/2 



2A = 4D 



Mg = +/- 3/2 



A = 2D 

Mg = +/- 1/2 

Figure 2. Zero field splitting of Fe^“*“ ground state by an axial crystal field. 



If it is assumed that the iron atom moves towards the porphyrin plane under the 
applied pressure, this will have the effect of increasing the equatorial component 
of the primary crystal field with two direct consequences. Firstly, increasing the 
separation between the orbital and the d^x > dy^ orbitals enables one electron 

resident in the high-energy dxi-yi orbital to drop and pair with an electron in the 
low energy orbital, creating a 5 = 3/2 state (see Figure 3). Spin-orbit coupling 
may give rise to a “quantum mechanical spin admixture” [12], a state with proper- 
ties intermediate between those of S = 5/2 and S = 3/2. Such a state involves the 
electron spin and the charge density being effectively shared between the dx 2 -y 2 
orbital and the dy^ and d„ orbitals as depicted in Figure 3, and accounts for the 
appearance of the second site. Secondly, the zero field spliffing af fhe firsf sife 
increases. This causes fhe Ms = ±5/2 and Ms = ±3/2 energy levels (Figure 2) 
fo depopulafe, fhus reducing fhe observed asymmefry in fhe Mdssbauer specfra 
unfil only the lowest Ms = ± 1 /2 energy state is populated and the spectrum is 
symmetric at 3.5 GPa (Figure 1). At higher pressures the effect of off-diagonal 
terms in the hyperfine interaction matrices (mentioned earlier as occurring at low 
temperature [4-8]) is manifest as a reversed asymmetry. However, in this case 
where the effect is pressure-induced, the result is more pronounced (Figure 1), with 
the low-velocity line of the Mdssbauer spectrum broadening significantly. Further 
increases in pressure result in this line almost disappearing by broadening into the 
base line of the spectrum. Using Dattagupta’s equations it has not been possible to 
fit all the spectra to a consistent set of parameters. It is possible that this is not a 
failure of the original theory but due to numerical approximations necessary at that 
time. 



4. Conclusions 

The room pressure spectrum of [Fe(PPIX)OH] is typical for a Fe(III) S = 5/2 high 
spin signal manifesting the effects of Kramers’ populations. The application of 
pressure generates a second site which is assigned as spin admixed 5 = 5/2, 3/2. 
The spin admixed site is caused by a relative decrease in the axial component of the 
crystal field. This is fhoughf fo be caused by fhe Fe atom moving fowards fhe plane 
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A dx2-y2 

6^2 

AP 



'-'xy 

dxzd 



xz u yz 



S = 5/2 




S = 5/2. 3/2 



Figure 3. Change of primary crystal field spilling with pressure. 



and an increase in crystal field splitting contribution by the 4 equatorial ring N 
atoms. However, some of the original site signal persists even at 6.8 GPa. Reversal 
of asymmetry in the Mbssbauer spectmm for this S = 5/2 site is observed, and 
this is partly explained by current theory. However, this theoretical model cannot 
fully describe our spectra and further studies are in progress. 

Subsequent to the conference presentation further experimental data confirm 
that the effects described here are reversible with some evidence for hysteresis. 
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Abstract. The rare occurrence of magnetic soil in Denmark is normally explained by the hypothesis 
that the site has been burned. However, at some sites formation by means of organic processes has 
been suggested. In this contribution we present results of combined Mossbauer transmission and 
conversion electron spectroscopies in order to seek an answer to the question of the origin of magnetic 
soil in Denmark. It turns out that the sample preparation is of extreme importance, and we will 
document what precautions have to be taken in order to get meaningful results. When these issues 
are understood, and taken into consideration, Mossbauer spectroscopy seems to be a promising tool 
to gain insight in soil forming processes. 

Key words: superparamagnetism, soil, hematite, maghemite, CEMS. 



1. Introduction 

At several locations, e.g., a site called Salten Skov in Jutland, Denmark, magnetic 
soil (cry > 1 Am^/kg) has been found [1]. The particle size and the magnetic 
properties [1, 2] are similar to those observed on Mars (see, e.g., [3] and refer- 
ences therein) making the soil an interesting analogue. The soil has been used in 
wind tunnel experiments simulating the environmental conditions on the surface 
of Mars [4]. X-ray diffraction and Mossbauer spectroscopy have revealed that 
the soil contains the magnetic iron oxides hematite (o;-Ee 203 ) and maghemite 
(y-Ee 203 ) (~30% of the spectral area) in mixtures with the antiferromagnetic 
goethite (o;-EeOOH). The particle size of the soil has been determined to be ~2 /xm 
when dispersed in an ultrasound bath. By means of transmission electron mi- 
croscopy (TEM) and the line broadening of the X-ray diffraction lines, it has 
been found that individual particles consist of smaller, nano-sized particles of iron 
oxides which show superparamagnetic blocking on the timescale of Mossbauer 
spectroscopy. 
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The presence of hematite and particularly of maghemite in Danish surface sed- 
iments (e.g., at a site called Naesset) is normally explained by a de-hydration of 
goethite by soil burning (forest fires or metal working). However, it has been spec- 
ulated whether the presence of hematite and maghemite at some sites (e.g., Salten 
Skov) might have their origin from micro-biologically or inorganically produced 
ferrous oxides, known to transform into hematite and/or maghemite over years at 
room temperature [5]. 

If the magnetic minerals have formed via soil burning, intuition suggests that 
the surface of the 2 /xm-sized particles might be more affected than the bulk. In 
this contribution we have tested this suggestion by Conversion Electron Mbssbauer 
Spectroscopy (CEMS). Since the conversion electrons released in the decay of the 
14.4 keV state of ^^Ee can only penetrate about 0.25 /xm of material, CEMS is 
sensitive to the surface of the individual particles. By comparison of the CEM spec- 
tra to bulk spectra obtained by conventional transmission Mbssbauer spectroscopy 
(TMS), information on the thermal history of the sample might thus be obtained. 



2. Experimental and samples 

Mbssbauer spectra were recorded using a ^^Co:Rh source moved relative to the 
sample on a conventional constant acceleration drive system. CEM spectra were 
obtained by placing the sample on a double adhesive conducting tape in a paral- 
lel plate avalanche detector [6]. Isomer shifts are given relative to a-Ee at room 
temperature. 

Samples from two sites have been used in this investigation, Salten Skov, de- 
scribed above, and Naesset. At Naesset, there is strong evidence for site burning. The 
magnetic soil is found in circular spots, up to ~2 m in diameter, and the mineralogy 
and distribution of material indicates unstable conditions. Such features are com- 
mon to prehistoric iron working at other sites. Annealing studies were performed 
in air on samples from Salten Skov to see which reactions take place. 



3. Results 

Eigure 1 shows selected Mbssbauer spectra from Salten Skov samples. The spectra 
have been analysed in terms of three spectral components indicated in Eigure 1: 
A sextet labelled Gt, assigned to goethite, a sextet labelled Mh/Ht, assigned to 
maghemite/hematite mixtures and a quadrupole-split component labelled Ee(III) 
assigned to ferric (super-) paramagnetic iron oxide(s). The sextet components have 
been analysed with Split-Lorentzian lineshapes [7], which simulate the asymmet- 
ric spectral lines quite well and enable the determination of area fractions for the 
different components. We do not try to separate the hematite and maghemite com- 
ponents in view of their rather similar hyperfine parameters and the rather broad 
asymmetric lineshapes. The annealing shows no prominent effect for temperatures 
below 200°C. At 250°C the goethite is spontaneously dehydrated and the spectra 
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Figure 1. Left: Room temperature TM spectra of bulk samples from Salten Skov. The solid lines 
show individual fitting components and their sum. Right. Room temperature TM spectra of the Salten 
Skov sample annealed for 1 hour at the temperatures indicated. 



Salten Skov 

annealed at 175°C for 1 honr annealed at 225°C for 2 hours 




Velocity (mm/s) Velocity (mm/s) 

Figure 2. Series of CEM and TM spectra of annealed samples from Salten Skov as indicated. 



are dominated by the Mh/Ht spectral component. This indicates what one should 
expect when comparing the CEM and TM spectra. 

Figure 2 shows a comparison of CEM and TM spectra for annealed samples 
from Salten Skov. 

There are clearly different TM results obtained when measuring on CEMS or 
bulk samples. It is of importance to note that no separation has taken place in the 
sample preparation; the only difference lies in the way that the CEMS sample is 
prepared. This is done by gently “smearing” out the material, to form a homo- 
geneous surface suitable for CEMS measurements. Although the preparation is 
extremely gentle, clearly, changes are made to the sample. An easy way to demon- 
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Figure 3. Representative SEM pictures of a sample from Salten Skov. Here the sample annealed at 
225° C for 2 hours. Left: bulk sample, right: CEMS sample. 

strate this is the following. The samples can be smeared onto transparency foils 
(about 40 /xg/cm^), and recollected by using plastic tools. It is then found that the 
spectrum is different, dominated by a doublet. Mdssbauer measurements in high 
magnetic field (not shown) verify that the doublet is due to superparamagnetic 
particles. Two plausible hypotheses can explain these results. During annealing, 
the dehydration of the goethite could lead to enhanced interactions between the 
maghemite/hematite particles. Secondly, one could imagine that during annealing, 
crystallites grow together, and start to interact via exchange interactions. These 
new bonds are then easily broken apart in both cases during the CEMS sample 
preparation. We favour the latter hypothesis as it explains the irreversibility of 
the process. If the method is to be applied to study the surface properties of the 
particles in comparison to the bulk, one needs to document the properties of the 
samples used, by, e.g., using Scanning Electron Microscopy (SEM), see Eigure 3, 
and perform both the TMS and CEMS measurements on the same sample. 

Erom Eigure 3 it is seen that while the bulk sample does not shows the individual 
particles, but aggregates, these have been broken apart in the preparation of the 
CEMS sample, where individual 2 /xm particles are seen and the pictures show that 
the CEMS and TMS performed on the CEMS sample are giving us information on 
the surface and bulk, respectively. 

Having pointed out the importance of the sample preparation, one can turn 
attention to the comparison between the TMS and CEMS results. Eor the sam- 
ple annealed at 175°C, no major difference is seen between the measurements, 
suggesting homogeneous particles. Eor the sample annealed at 225°C, the sextet 
component is enhanced by roughly 40% in the surface of the CEMS sample, in- 
dicating stronger annealing effects in the surface of the particles. Eigure 4 shows 
series of analogues spectra obtained on a sample from the site Naesset. 

4. Discussion and conclusions 

The results allow proposing a model for the reactions that take place during and 
after annealing. During annealing at temperatures above 200°C the goethite is 
spontaneously dehydrated and hematite (possibly maghemite) is formed. The in- 
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Velocity (mm/s) 



Figure 4. CEM and TM spectra of a sample from Ntesset. 



dividual nano-sized particles interact; either via exchange interactions or because 
they have been brought closer together in the dehydration process. The resulting 
bulk Mdssbauer spectra are dominated by a sextet component. During the CEMS 
sample preparation, most of the newly formed interacting particles are broken apart 
but those which have been exposed to the largest thermal effect (in the surface 
layers of the 2 /xm particles) have a better chance of surviving this treatment. 
The resulting Mdssbauer spectra are dominated by a superparamagnetic doublet 
component. The difference in the CEM and TM spectra for the same samples in 
the spectra of the annealed samples from Salten Skov and the sample from Naesset 
gives evidence that in both cases the material transformation is more advanced in 
the surface of the particles. 

This difference is not observed for unannealed samples from Salten Skov, and 
the 2 /xm particles appear homogeneous on the scale of CEMS. This allows the 
conclusion that the formation of the maghemite/hematite mixtures is unlikely to be 
due to thermal effects during, for example, forest fires. The results here show that 
the combination of CEMS and TMS to investigate the magnetic soils is a promising 
method to shed light on the origin of the magnetism in the soil. 

There is another important consequence of the work presented here. Mdss- 
bauer spectroscopy is widely utilized to characterize iron oxides found in soils [8]. 
Among the parameters of interest is the particle size, but information on this pa- 
rameter is, for example, obtained by determination of superparamagnetic blocking 
temperatures. However, the results here show that this determination may depend 
on the sample preparation, and in order to obtain reliable results, this has to be 
tested. 
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In May and July 2003 both the European space agency ESA and the American 
space agency NASA will launch space missions to Mars. The ESA lander Bea- 
gle 2 and the two NASA Mars-Exploration-Rovers (MER) will explore the Martian 
surface with a set of sophisticated instruments. Part of the payload will be our 
miniaturized Mossbauer spectrometer MIMOS II. It operates in backscattering 
geometry and meets the requirements for space application of low mass (^500 g), 
small volume (coke can size), and low power consumption (^3 W). Main goals 
are the determination of the oxidation state of iron and the iron mineralogy on the 
surface. This information will contribute to a much deeper understanding of the 
evolution of the planet Mars, its surface and atmosphere, and the history of water. 
The MIMOS II flight units for MER were delivered in April 2002 to the NASA 
Jet Propulsion Eaboratories (JPE), California, for integration to the Rovers. After 
some more testing of the complete Rover system the spacecraft will be shipped to 
the Kennedy Space Center early Eebruary 2003. The first launch will be in May 
2003 and the second launch in late June on early July 2003. The flight unit for the 
ESA Mars-Express Beagle lander was delivered to ESA by the end of May 2002 
for integration to the lander in late November/early December 2002. The launch is 
scheduled for June 2003 from Baikonur, Kazakhstan. The instrument MIMOS II is 
also under consideration for an ESA space mission to Mercury in 2009, and it is 
part of the ESA exobiology multi-user facility to be launched as part of one of the 
next lander Mars missions after 2005. 
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Besides these extraterrestrial projects the instrument MIMOS II has been used 
already recently for a series of terrestrial projects, including the analysis of archae- 
ological artifacts such as Greek vases, the in situ monitoring of Fe oxidation states 
in the field, and the investigation of Rock paintings in Brazil [7]. Furthermore in 
cooperation with industry (CVRD group) from Brazil a copy of the flight instru- 
ment is being used to monitor air pollution properties in some industrial areas in 
the state of Espfrito Santo (north of Rio de Janeiro). 



1. The miniaturized instrument MIMOS II 

Developed originally for extraterrestrial applications, the miniaturized Mdssbauer 
spectrometer, named MIMOS II [1], is reduced in size and weight, in comparison 
to ordinary laboratory setups. The MIMOS II sensor head weighs approximately 
400 g, with a volume of (50 x 50 x 90) mm^, and holds two y-ray sources: the 
stronger for experiments and the weaker for calibrations (Figure 1). The colli- 
mator (in sample direction) also shields the primary radiation off the detectors. 
Around the drive four detectors are mounted. The detectors are made of Si-PIN- 
photodiodes in chip form (100 mm^, thickness of 0.5 mm). The control unit is 
located in a separate electronics board. This board is responsible for the power 



Reference Source Main Source 



in 

cd 

in 



L 



Internal Calibration Sample 





Detectors 




Compositional Calibration Target 




Figure 1. Drawing of the MIMOS II sensor head (dimensions in mm). The drive where both refer- 
ence and main ^^Co/Rh sources are placed is shown in detail. A possible reference sample (internal 
calibration sample) and a spectrum from the Compositional Calibration Target (CCT, magnetite) for 
the Mossbauer spectrometer on board of the Mars Exploration Rovers (MER) are also depicted. 
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supply to the sensor head, generation of the drive’s velocity reference signal, the 
accumulation of the detector pulses to record the spectrum, data storage and com- 
munication with the host computer. Mdssbauer parameters are temperature depen- 
dent. Especially for small particles exhibiting superparamagnetic behaviour, the 
Mdssbauer spectrum may change drastically with temperature. The temperature 
variation for one spectral accumulation will not be larger than ±10°C. When larger 
variation occurs, spectra for different temperature ranges are stored separately, re- 
sulting in an increase in the total data volume and decrease of the statistical quality 
for the individual sub-spectra. 

2. Implemented data analysis system 

After more than four decades after the discovery of the Mdssbauer effect, more than 
400 minerals were studied at different temperatures. Their Mdssbauer parameters 
were reported in the literature, and have been recently collected in a data bank [2- 
4]. Previous Mars-missions, namely Viking and Mars Pathfinder revealed Si, Al, 
Fe, Mg, Ca, K, Ti, S and Cl to be the major constituents in soil and rock elemental 
composition of the red planet. More than 200 minerals already studied by Mdss- 
bauer spectroscopy contain significant amounts of these elements. A considerable 
number of Mdssbauer studies were also carried out on meteorites and on Moon 
samples. Looking backward in the studies of the whole Mdssbauer community, we 
have collected a specific library confaining Mdssbauer parameters of fhose possible 
Mars minerals. The selected minerals are organized according fo fheir Mdssbauer 
parameters, main site subslifufions, behaviour as a function of femperafure, and 
a ranking as expected fo be found on Mars. Fe-bearing Mars-analogue minerals 
nol sfudied yef by Mdssbauer specfroscopy are being collected and invesfigafed. 
In addition an idenfificafion system based on Artificial Neural Nefworks was im- 
plemented which is able fo make a fasl and precise mineral idenfificafion from fhe 
experimenfal Mdssbauer paramefers af a given femperafure. 

3. Field tests with the prototype Mars Rover FIDO 

Field Integration Design Operations (FIDO) is a prototype Mars rover [5] devoted 
to “blind” science tests to evaluate the most efficient ways of traversing across 
diverse terrains while conducting reconnaissance-level field science allowing site 
characterization, and finding, approaching, and placing analytical instruments and 
a drilling system onto rock targets to characterize in detail sample materials that are 
representative of the sites traversed. This rover is designed to simulate the Athena 
Payload for 2003 Mars Exploration Rover mission. During August 2002, a FIDO 
test was conducted at JPL facilities in California. The rover itself was placed in 
the desert in Arizona, USA. Figure 2 shows a Mdssbauer spectrum recorded from 
the desert soil. One Mdssbauer measurement on Mars will take approximately 
12 hours and the FIDO measurements were taken during the equivalent time per 
source activity. 
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Figure 2. Mossbauer spectrum recorded from the desert soil. Hematite, goethite and Fe-bearing 
silicates were detected. 

The first Mars Exploration Rover mission rocket is scheduled to launch in May 
2003 from Cape Canaveral, Florida, and the second one in July 2003. The cruise 
to Mars takes approximately 7 months. The first rover should land on the Martian 
surface in January 2004. Each rover is expected to be working on Mars for at least 
three months, with the initial nominal ability to cross up to hundred meters per Sol 
(one Martian day). 

The ESA Mars Express mission is scheduled to be launched in June 2003 
from the Baikonur launch pad in Kazakhstan, arriving at Mars in December 2003 
(around Christmas). The lander Beagle 2 is a stationary lander aimed to search 
for traces of extinct life. Its nominal mission duration on the surface is about 
6 months. 

4. Selected terrestrial applications 

4.1. SURFACE ANALYSIS 

MIMOS II can be used for the depth selective analysis of a certain category of 
samples where the surface layers of interest have a thickness of several tens of 
Angstroms up to a couple of hundred Angstroms with detection limits depend- 
ing on the total iron content in those layers. The depth selectivity, which is cer- 
tainly limited in respect to conversion electron Mossbauer spectroscopy (CEMS), 
is achieved by detecting in backscattering geometry both 6.4 keV X-rays and the 
14.4 keV Mossbauer radiation simultaneously, as well as the transmission spectrum 
in cases of thin samples. An example is shown in Figure 3, demonstrating in a 
qualitative way that capability of “MIMOS II Terrestrial” which has an additional 
detector for transmission measurements. 
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Table I. Mossbauer parameters for the desert soil (Arizona State) measured for the 7th FIDO 
simulated Mars day (Sol-07). The preliminary Fe-phase identification is given 





A 


Shf Area 


Preliminary phase identification 


[mm/s] 


[mm/s] 


[tesla] [%] 


Confidence level: 1: Sure; 2: Tentative; 3: Uncertain 


0.40 


-0.25 


51.9 30.9 


Hematite (well crystallized, large grain sizes) ^ 


0.37 


-0.22 


36.1 27.5 


Goethite (well crystallized, large grain sizes)* 


0.42 


0.50 


11.6 


Phyllosillicate^ , lepidochrosite^ 


0.70 


1.55 


4.5 


Fe-smectite^, garnet (melanite)^, ilmenite^ 


1.12 


2.66 


8.1 


Phyllosillicate^, clinopyroxene (augite)^, ilmenite^ 


(S)* 


(A) 


(Shf) Area 




[mm/s] 


[mm/s] 


[tesla] [%] 




0.41 


-0.24 


17.4 


Goethite (poorly crystallized, possible A1 substitution)* 



Ratios: 



Fe2+ 

Fe2+ -f Fe3+ 



12.6%; 



Fe 



Oxides -f Oxyhydoxides 
Silicates 



30.9 -f 44.9 
2A2 



3.13. 



Background counts = 1 702 090; *Related to a-Fe standard, Fe-content (from APXS) = 6.4%. 




Figure 3. Demonstration of the depth selective surface analysis, (a) Experimental setup: 14.4 keV in 
standard transmission geometry and both 6.4 keV and 14.4 keV in backscattering arrangement. The 
room temperature Mossbauer spectra are recorded simultaneously using MIMOS II in backscattering 
(four detectors) and in transmission (b). Example spectra of a target with composition as given in (a). 



4.2. AIR POLLUTION STUDIES 

The miniaturized MB equipment was installed inside a particle sampler collecting 
dust and other fine particles present in the atmosphere. Genetic algorithms, fuzzy 
logic and artificial neural nefworks were used fo perform fhe automatic analysis 
of Mossbauer specfroscopy [2]. The experimenfal sefup is portable, easy fo use 
and of low cosf. The preliminary resulfs obfained seem to be very promising and 
encourage furlher developmenf of fhe system. The mosf inferesfing and promising 
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Figure 4. Room temperature Mossbauer spectra recorded simultaneously in transmission and in 
backscattering in situ at Vitoria metropolitan region (Brazil) using MIMOS II. 



results from the on-line and in situ airborne particles characterization are the fast 
and automatic answers obtained. The recent developments have already gained 
application and produced many relevant information for both Brazilian industries 
and environmental agencies. The MIMOS II instrument was installed in Vitoria 
metropolitan region (VMR), southeastern Brazil. VMR embraces five cities, holds 
an area of 1461 km^, has a population over 1.2 million inhabitants, is undergoing 
an expansion and has to bear an intense traffic. Previous studies [5] show that there 
is an equivalent distribution of industrial and human source emissions at VMR, 
at EAMES (Vila Velha City), and at Ilha do Boi (Vitoria city). Some specific 
regions (Dorio Silva Hospital and UEES), away from the industrial area, have a 
stronger contribution from human activities (vehicles, quarry, civil constructions 
and vegetation fire), but equivalent concentration of airborne particles. The system 
will be installed in these selected places during the 2002 summer (critical season). 
An assessment of industrial sources of TSP is given in Table II. 

4.3. A SELECTED ARCHAEOLOGICAL STUDY 

Wall paintings of banqueting, acting, traveling and horse riding scenes were dis- 
covered in China in the tombs group of the periods of the Han and Wei dynasty. 
These painting show great scenes and hectic atmosphere and reflect the fact that at 
that time the material richness and cultural life reached remarkably high standards. 
The samples originate from an unpublished excavation, that has been accomplished 
together with a Chinese Institute. The wall paintings come from a grave of a high 
military person, dating to the Eastern-Han Dynasty. The site is in the district of 
Xunyi, Province Shaanxi, China. A square sample of 1 inch-square in area of an 
ocher wall-painting piece was studied by 14.4 keV Ee Mossbauer spectroscopy. 
A backscattering geometry at both room temperature and 200 K, with a 100 mCi 
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Table II. Summary statistics for industrial sources of total suspended particles at Ilha do Boi, Vitoria 
(samples collected from 1995 to 1999) 



Fe-bearing 


& 


A 


5hf 


Relative area 


Remarks 


phase 


[mm/s] 


[mm/s] 


[tesla] 


[%] 




Flematite 


0.37 


-0.21 


51.8 


85 to 96 


Always present 


Ferric Stain 


0.37 


0.50 




1.1 to 8 


Industrial emission 


Goethite 


0.36 


0.40 


38.1 


3 to 15 


Soil 


Pyrite 


0.31 


0.61 




0.7 to 4.7 


Mineral coal 


Silicates 








1 to 7.3 


Soil 


Magnetite 


0.36 


0.01 


49.2 


upto 6 


Steelwork plant 




0.67 


-0.01 


46.0 







Ocker Surface 




Not Painted Surface 



Wall Surface 



( Room Temperature 
M.VstMuorSfK'Clrum 

1 ) 

u/T" 



■'41 









VttooKy [nwnft) 





Figure 5. The analyzed piece of the wall painting. The upper part of the piece is the ochre painting, 
the lower is the wall itself (not painted) and the white layer between these surfaces is a carbonate 
plaster. The RT MS of the wall surface without any painting is shown in the upper right. 



^^Co(Rh) source, was used for both painted and non-painted sides for Fe-bearing 
mineral investigations. The obtained Mossbauer parameters are given in Table III. 
The interpretation of the results in context of the archaeological findings is in 
progress. 
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Table III. Square fitted Mdssbauer parameters of the Chinese wall painting at room temperature 



and 200 K 






Region 


& 


A 




[mm/s] 


[mm/s] 


Not painted 


0.36 


0.53 


at room 


0.33 


0.91 


temperature 


1.14 


2.63 




0.37 


-0.21 


Ochre color 


0.36 


0.54 


at room 


0.33 


0.96 


temperature 


1.11 


2.68 




0.37 


-0.21 



Ochre color 


0.36 


0.58 


at 200 K 


0.38 


1.12 




1.03 


2.86 



®hf 


Relative area 


Phase 


[tesla] 


[%] 






15.7 


Site I: Fe^+ 




45.1 


Site II: Fe^+ 




25.8 


Site III: Fe^+ 


50.9 


13.4 


Q'-Fe 203 




12.3 


Site I: Fe3+ 1 




6.9 


Site II: Fe^+ 




5.8 


Site III: Fe2+ 


50.9 


1.7 


Q'-Fe 203 



73.3 


Distribution 


14.9 


SiteI:Fe^+^ 


5.9 


Site II: Fe^+ 


7.2 


Site III: Fe2+ 


72.0 


Distribution^ 



^Site I may include superparamagnetic cf-FeOOH; ^Including cr-Fe 203 . 



5. Outlook 

The presented examples show that the portable and miniaturized Mdssbauer spec- 
trometer has been successfully operated in different field applications. The charac- 
teristics of the whole set (equipment and automated data analysis software pack- 
age) opens up several industrial, scientific and other new applications of Mdssbauer 
spectroscopy. In particular several industrial applications are being studied such as 
steel quality control and Fe-bearing pellets quality in Vitoria, Brazil. 
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Industrial Applications of Mossbauer Spectroscopy 
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Abstract. The historical development of the use of Mossbauer spectroscopy in industrial appli- 
cations is briefly outlined. The power of the technique for the study of commercially important 
materials and its capacity to make contributions as a research tool, in quality control, and for in- 
service evaluation are reviewed. The disadvantages of the technique in the industrial setting are 
considered. The power of Mossbauer spectroscopy when used to approach specific industrial prob- 
lems is illustrated by its use in monitoring the nature of corrosion resistant coated steel for automobile 
manufacture and the in situ characterization of Fischer-Tropsch catalysts. 

Key words: Mossbauer spectroscopy, industry, corrosion resistance, Fischer-Tropsch catalysts. 



1. Introduction 

Mossbauer spectroscopy has developed as an important technique for the study of 
materials of industrial interest. This development has occurred alongside the use 
of other methods such as X-ray powder diffraction, electron microscopy, e.s.r.-, 
n.m.r-, infrared-, Raman- and X-ray photoelectron spectroscopy for the study of 
these materials. However, many of these latter techniques require the samples to 
be in a specially prepared form such as single crystals whereas many materi- 
als of commercial interested are, at least, poorly crystalline and sometimes are 
multiphasic. Furthermore, other techniques often operate under conditions such as 
ultrahigh vacuum which are far removed from the gaseous atmospheres at elevated 
temperatures and pressures that characterize the working environment of industrial 
materials such as heterogeneous catalysts. 

In contrast, Mossbauer spectroscopy has a special place amongst other tech- 
niques for the study of solids of industrial interest because the y -radiation can 
readily penetrate a gaseous environment to enable in situ studies and the tech- 
nique is suitable for the study of crystalline and non-crystalline solids, including 
high dispersions. It is also capable of both bulk and surface characterization, is 
non-destructive, and can be used as a fingerprint technique. 

2. Historical perspective 

It is interesting to note that all this was appreciated in the early 1970’s when 
Mossbauer spectroscopy was only beginning to develop as a quantitative method 
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of spectroscopic evaluation. At a meeting in Chicago in 1970, Mossbauer spec- 
troscopy was described as “coming of age” and able to make contributions to 
industry as a research tool, in quality control, and for in-service evaluation [1]. 
It seems some thirty years on that this prediction has not been fully fulfilled. Most 
of the papers published on industrial applications of Mossbauer spectroscopy relate 
to its use as a research tool, there are few examples of a Mossbauer spectrometer 
being used for quality control or in-service evaluation. This is despite the devel- 
opment of Mossbauer instrumentation in the 1970’s for industrial application and 
demonstrations of its use in monitoring iron-phase distributions in pellets during 
the reduction of ores [2], analyzing iron-bearing minerals in fossil fuels [3], and 
examining the structure and composition of wear layers [4]. 

The lack of evidence for the use of Mossbauer spectroscopy for quality control 
and in-service evaluation suggests that there are drawbacks to the technique. It 
is clear that a device to be used in industry must be able to function without the 
need for an expert to interpret its responses. Mossbauer spectroscopy is a relatively 
sophisticated technique and the interpretation of results is by no means always 
easy. There is also the problem of radioactive sources in an industrial setting, the 
limited number of Mossbauer isotopes, the need for cryogenic facilities and, by 
no means insignificant to an industrial environment, the technique does involve 
long sample turn-around times. Hence, within the context of quality control and 
in-service evaluation, which often require repetitive determinations of the same 
property, the full power of Mossbauer spectroscopy is not needed and it is this 
overqualification which has led to the technique not being used on the workshop 
floor. 



3. Present situtation 

A survey of current Mossbauer spectroscopy literature shows the technique being 
used extensively in chemical processing, studies of catalysts and batteries, in the 
study of electronic -related materials including thin films and ion implantation, in 
the steel and nuclear fuel industry for examining coatings, alloys, corrosion, in 
mining for the examination of ores and coals, in communication for the study of 
amorphous materials, nanophase materials, magnetic alloys, and in medical appli- 
cations such as dentistry and implant surgery. Indeed, it has recently been estimated 
[5] that close to 80% of all Mdssbauer-related publications involve materials that 
may have significant benefits to the industrial environment and society as a whole. 
In this sense the potential for Mossbauer spectroscopy as an important research 
probe to characterize industrially-important materials is unlimited. 

4. Illustrations of use 

Mossbauer spectroscopy is most powerfully used as a research technique for ma- 
terials of industrial importance when a problem is clearly defined and the power of 
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the technique, sometimes together with other methods, is used to solve the problem. 
This can be illustrated by two examples taken from the recent literature. 

4.1. GALVANNEAL 

Over ten years ago the United States automobile industry needed a new corrosion- 
resistant coated sheet steel to improve the life of automobiles. One product to be 
developed was galvanneal which is produced by post-dip annealing of zinc-coated 
sheet steel. In this process, the sheet steel is passed through a molten zinc bath and 
then a galvannealing furnace between 500 and 700 °C with an annealing time of 
about 30 seconds which requires the sheet steel to be processed at about three me- 
tres per second. The galvannealing stage is therefore expensive and minimization 
of the annealing temperature and time is important. 

The work of Cook et al. using Mdssbauer spectroscopy illustrates the power 
of the technique for addressing an industrial problem [5, 6]. A typical cross sec- 
tion of a galvanneal coating is shown in Figure 1. The conversion electron Mdss- 
bauer spectra, which examine the outermost rough surface layer to a depth of 
ca. 300 A showed the presence of a zinc -rich zeta iron-zinc phase containing only 
ca. 5-6 wt.% iron whilst the thin layer on the steel substrate was composed of 
a gamma phase containing between ca. 16 and 28 wt.% iron. Transmission- and 






-is 61 (» li 

tebtlMVtkiotflrar*) 



CEMS (bottom surfncG) 
Gamma Phase 




Figure 1. Cross-sectional micrograph of a typical galvanneal coating containing four iron-zinc alloy 
phases. Mossbauer analysis shows layering of the phases identified as zeta at the coating surface, 
delta- and gamma- 1- phases in the bulk of the coating, and a gamma phase at the steel substrate. 
(Reproduced with permission from Hyperfine Interactions, in press.) 
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X-ray-Mossbauer spectroscopy were used to investigate the composition of the 
ca. 20 /xm total layer and identified the presence of the delta iron-zinc phase 
containing between 7 and 12% iron and a gamma- 1 phase containing between 17 
and 21 wt.% iron. 

The nature of these iron-zinc phases is of interest to the automobile industry 
because coatings with too much zeta phase with a high zinc content are difficult 
to weld whereas too much gamma phase, which has a low ductility and is brittle, 
gives rise to coating cracking and loss of adhesion when the steel sheet is moulded. 
In contrast, the delta iron-zinc phase is easily weldable and has a high ductility. 
Therefore, a desirable galvanneal coating would contain no zeta phase, very little 
gamma phase and as much delta phase as is possible. 

To find ouf which annealing condifions would give fhe desired coaling, gal- 
vanneal was produced al annealing lemperalures of 482 and 538 °C using anneal- 
ing limes of 0, 4, 10, 15 and 25 seconds. The coalings were Ihen examined by 
Mbssbauer speclroscopy. 

The galvanneal coaling produced al Ihe lower lemperalure of 482 °C (Figure 2) 
conlained a large fraclion of Ihe zela phase which decreased lo zero after 25 sec- 
onds of annealing. The gamma ray- and conversion eleclron-Mbssbauer speclra of 
Ihe coaling annealed for 4 seconds showed nearly equal fractions {ca. 40%) of Ihe 
zela and della phases wilh Ihe della phase reaching aboul 80% after 25 seconds. 
The gamma phase remained reasonably conslanl {ca. 20%) after annealing for 
4 seconds. 

The production of galvanneal al Ihe higher lemperalure of 538 °C resulted in 
a very differenl surface coating (Figure 3). The conversion eleclron Mbssbauer 
speclra showed no formation of Ihe zela phase on Ihe lop surface of Ihe coating 
following annealing for 4 seconds. The surface alloy was Ihe pure della phase. The 
gamma-ray Mbssbauer speclrum of Ihe entire coating showed lhal after 4 seconds 
Ihe galvanneal conlained aboul 70% of Ihe della phase and lhal Ihis remained nearly 
conslanl as Ihe anneal time increased. The remainder was Ihe gamma phase. 

Hence Ihe Mbssbauer speclra indicate lhal Ihe optimum conditions correspond 
lo an annealing lemperalure of 538 °C for aboul 4 seconds. These conditions had 
resisted determination by other techniques and are now used by the galvanneal 
producers and the coatings found to be very suitable for the needs of the auto- 
mobile industry. The conditions determined by Mbssbauer spectroscopy have also 
permitted a significant increase in the production rate of galvanneal from 3 metres 
per second to 25 metres per second and have enabled smaller producers to develop 
the process using smaller furnaces of about 15 metre length which represents a 
significant saving on capital expenditure. Furthermore, the increased productivity 
has resulted in the use of galvanneal as a corrosion resistant coating in a variety of 
different applications such as steel frames for residential and commercial building 
construction and for reinforced concrete. 

The Mbssbauer effect remains today the only technique which has revealed and 
can reliably monitor the iron-zinc phase composition in galvanneal steel. 
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(a) 




(b) 

Figure 2. Mossbauer spectra recorded from galvanneal produced at an annealing temperature of 
482 °C for 4 seconds along with the phase composition of the coatings as a function of the anneal 
time. The zeta phase forms initially and decreases with increasing anneal time. (Reproduced with 
permission from Hyperfine Interactions, in press.) 
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(a) 




Relative Velocity (mm s^) 

(b) 

Figure 3. Mossbauer spectra recorded from the galvanneal produced at an annealing temperature of 
538 °C for 4 seconds along with the phase composition of the coatings as a function of the annealing 
time. The zeta phase does not form and the delta phase reaches a maximum after an anneal time of 
4 seconds. (Reproduced with permission from Hyperfine Interactions, in press.) 
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4.2. CATALYSTS 

The power of Mossbauer spectroscopy for investigating a real industrial problem 
under authentic working conditions is illustrated well by Van der Kraan’s use [7] 
of Mossbauer emission spectroscopy to examine industrial cobalt-based Fischer- 
Tropsch catalysts. 

The Fischer-Tropsch process concerns the conversion of a mixture of carbon 
monoxide and hydrogen which can be obtained from coal or natural gas to fuels, 
chemical feedstocks, and speciality chemicals. The process is used in South Africa 
where there are large amounts of easily mineable coal which can be converted 
to oil to make the country independent of external oil suppliers. The oil crisis of 
the 1970’s and the realization that oil supplies are not inexhaustible has focused 
attention on this process in the western world. Although this process has been 
used for several decades using iron-based catalysts, these have a limited lifetime 
and more recently supported cobalt catalysts have attracted widespread attention 
although these too may deactivate during extended periods of continuous operation 
by a number of processes including oxidation by means of water. 

Van de Kraan and his co-workers [7] have built a special cell (Figures 4 and 5) in 
which industrial Fischer-Tropsch catalysts can be studied by Mossbauer emission 
spectroscopy in situ at pressure up to 20 bar and 10 bar steam injection at tempera- 
tures up to 723 K and able to handle the production of wax and continuous catalyst 
test runs of up to two months. The cell was used to test speculation that oxidation of 
the cobalt catalyst does not occur during Fischer-Tropsch synthesis when a pres- 

SAFETY Be WINDOWS RUBBER RUBBER 




Figure 4. Schematic representation of the high pressure Mossbauer emission spectroscopy cell. 
(Reproduced with permission from Catalysis Today 71 (2002), 369.) 
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5 cm 

Figure 5. Photograph of the high-pressure Mossbauer emission cell. (Reproduced with permission 
from Catalysis Today 71 (2002), 369.) 



sure of hydrogen to water ratio (PH 2 / ^H 2 o) of 1 is used and the absolute water pres- 
sure is between 4.6 and 7.6 bar. A catalyst was prepared by adding ca. 1000 ppm 
of ^^Co to a 15Co/0.025Pt/100 AI 2 O 3 catalyst which was reduced in hydrogen at 
653 K for 16 h. The Mossbauer emission spectrum showed about 70% reduction. 

The catalyst was subsequently treated at 423 K in the cell in a hydrogen-water 
gas mixture with (PH 2 / PH 20 ) = 1 at 1, 5 and 10 bar of pressure corresponding to a 
water pressure of 0.5, 2.5 and 5 bar. The Mossbauer emission spectra recorded in 
situ (Figure 6 ) showed that the amount of metallic cobalt increased from ca. 70% 
to 76, 78 and 86 % after treatment at 1, 5 and 10 bar of total pressure. The results 
therefore demonstrated that at 423 K the catalyst resists oxidation and becomes 
more reduced during treatment with hydrogen and water as the total pressure, and 
therefore water pressure, is increased. 

5. Conclusion 

Mossbauer spectroscopy has demonstrated a good record as a research technique 
and is able to contribute powerfully to the resolution of industrial problems. Its use 
in quality control and for in-service evaluation is less extensive mainly because it 
is overqualified for such applications in the working environment. 
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DOPPLER VELOCITY Cmm.s 

Figure 6. Mossbauer emission spectra recorded at 423 K during treatment in a H 2 /H 2 O gas 
mixture with (^^ 2 /^ 20 ) — 1 (^) 1 (^) 5 bar, (c) 10 bar of total pressure. (Reproduced 

with permission from Catalysis Today 71 (2002), 369.) 



It is important that good communication be maintained between industrial sci- 
entists and Mossbauer spectroscopists so that the unique properties of the technique 
and the contribution it can make to industrial research are identified and fully 
realized. 
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